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Between 59 and 60 min on the Escherichia coli genetic map, there is a highly conserved sequence of 29 base
pairs, containing an inverted repeat of seven base pairs that appears 14 times, 32 or 33 base pairs apart,
downstream of the iap gene coding region. About 24 kilobase pairs downstream of the 14 repeats, a similar
29-base-pair sequence with a spacing of 32 base pairs appears seven times. Nucleotide sequences hybridizing
with the 29-base-pair fragment were also detected in Shigella dysenteriae and Salmonella typhimurium but not
in Klebsiella pneumoniae or Pseudomonas aeruginosa.

In Escherichia coli, there are repeated nucleotide se-
quences such as duplicated genes, genes presumably derived
from a common ancestral gene, short duplicated segments
within genes sharing a common function within a protein
product, large directly repeated or inverted sequences, and
small repeated sequences both within and between coding
segments (10). Among short duplications in noncoding re-
gions, the repetitive extracistronic palindromic sequences or
palindromic units of 20 to 40 nucleotides with dyad symme-
try occupy almost 1% of the whole genome of E. coli (4).

We described an unusual nucleotide arrangement in which
a highly conserved sequence of 29 base pairs (bp) is tan-
demly repeated five times with a spacing of 32 bp down-
stream of the iap gene (6). Although the 29-bp sequence
contains an inverted repeat of 7 bp, it has no similarity to the
repetitive extracistronic palindromic sequences or hin and
gin group sequences (4, 10).

Detection of the 29-bp repeats in the E. coli genome. The
DNA fragment containing the iap gene was cloned from a
strain carrying an F’ factor (9), so we could not rule out the
possibility that the repeated sequences were derived from
the F factor. To detect the 29-bp sequence in the genome of
E. coli, the chromosomal DNA was isolated from strain K10
(3), as described previously (1), and digested with BamHI,
EcoRlI, or HindIIl. The DNA fragments were analyzed by
Southern blot hybridization (13) after electrophoresis in a
0.8% agarose gel with a mixture of two >?P-end-labeled
synthetic oligonucleotides, CGGTTTATCCCCGCTGGCGC
GGGGAACTC and CGGTTTATCCCCGCTAACGCGGGG
AACTC, both of which are the conserved sequences for the
repeats (6).

Two BamHI fragments, about 8.0 and 3.9 kilobase pairs
(kb), two HindlIII fragments, about 9.7 and 1.5 kb, and one
EcoRI fragment of about 30 kb hybridized with the probe
oligonucleotides (Fig. 1). These results indicate that the two
BamHI or HindlIIl fragments are arranged contiguously and
that the repeats similar to the 29-bp sequence exist in one
region of the E. coli chromosome or that these fragments are
in separate regions within the EcoRI fragment. Based on the
intensity of these bands on the autoradiogram, we assumed
that more repeats similar to the 29-bp sequence existed in the
3.9-kb BamHI and the 9.7-kb HindIII fragments than in the
8.0-kb BamHI or 1.5-kb HindIII fragments.
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Cloning and sequencing of the DNA fragments containing
the repeats. Chromosomal DNA isolated from strain K10
was digested with HindIII and ligated to the double-stranded
DNA (replicative form DNA) of bacteriophage M13mp18.
Strain JM103 (8) was transfected with the recombinant DNA
and screened for plaques containing the repeated sequences
by hybridization with the end-labeled synthetic 29-mer oli-
gonucleotides used as probes. Two phage clones containing
the 9.7- and the 1.5-kb chromosomal DNA fragments that
hybridized with the probe DNAs were obtained. The iap
gene and the five repeats of the 29-bp sequence are contained
in the 9.7-kb HindIII fragment (6, 9). The DN A fragment was
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FIG. 1. Southern blot hybridization of chromosomal DNA iso-
lated from E. coli K10 after digestion with BamHI (lane 1), EcoRI
(lane 2), and Hindlll (lane 3). A mixture of two end-labeled
synthetic oligonucleotides, CGGTTTATCCCCGCTAACGCGGGG
AACTC and CGGTTTATCCCCGCTGGCGCGGGGAACTC, was
used as a probe.
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(n)

-iap-TGAT GGGTTTGAAA ATGGGAGCTG
GGAGTTCTAC CGCAGAGGCG GGGGAACTCC AAGTGATATC CATCATCGCA TCCAGTGCGC
CGGTTTATCC CCGCTGATGC GGGGAACACC AGCGTCAGGC GTGAAATCTC ACCGTCGTTG
CGGTTTATCC CTGCTGGCGC GGGGAACTCT CGGTTCAGGC GTTGCAAACC TGGCTACCGG
CGGTTTATCC CCGCTAACGC GGGGAACTCG TAGTCCATCA TTCCACCTAT GTCTGAACTC
CGGTTTATCC CCGCTGGCGC GGGGAACTCC CGGGGGATAA TGTTTACGGT CATGCGCCCC
CGGTTTATCC CCGCTGGCGC GGGGAACTCT GGGCGGCTTG CCTTGCAGCC AGCTCCAGCA
CGGTTTATCC CCGCTGGCGC GGGGAACTCA AGCTGGCTGG CAATCTCTTT CGGGGTGAGT
CGGTTTATCC CCGCTGGCGC GGGGAACTCT AGTTTCCGTA TCTCCGGATT TATAAAGCTG
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(1390)
(1451)
(1512)
(1573)
(1634)
(1695)
(1756)
(1817)
(1878)
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CGGTTTATCC CCGCTGGCGC GGGGAACTCG CAGGCGGCGA CCGGCAGGGT ATGCGCGATT CG(1940)
CGGTTTATCC CCGCTGGCGC GGGGAACTCG CGACCGCTCA GAAATTCCAG ACCCGATCCA AA(2002)
CGGTTTATCC CCGCTGGCGC GGGGAACTCT CAACATTATC AATTACAACC GACAGGGAGC C (2063)
CGGTTTATCC CCGCTGGCGC GGGGAACTCA GCGTGTTCGG CATCACCTTT GGCTTCGGCT G (2124)
CGGTTTATCC CCGCTGGCGC GGGGAACTCT GCGTGAGCGT ATCGCCGCGC GTCTGCGAAA G (2185)

CGGTTTATCC CCGCTGGCGC GGGGAACTCT CTAAAAGTAT ACATTTGTTC TTAAAGCATT
TTTTCCCATA AAAACAACCC ACCAACCTTA ATGTAACATT TCCTTATTAT TAAAGATCAG
CTAATTCTTT GTTTTCAAAC AGGTAAAAAA GACACCAACC TTAAACCATC CAAATCTACC
GGGGTACGCC TGTTTAACCC AAATGTCTGG AACTCAAATC CCGTTTCCGT ATTCGTTGCC
CATGCCATCA CTACATTGCC TTCTTCCGCC AGTCCAGCTA TTTGTTCCCA GATCATTTCA
CGAATTTTTG CGGATACATC ACCTACATAT ACCCCTGCAC GTACCTCCAA CAACCAGATG
GCTAATCTGC CTCGTAAGCG CGGAGGTACA TTTTCAGTGA CCACGACCAA CATACTCATT
TCAGCTACTC CGATGGCCTG CATCTCCCAG TGAAACAGGA AGCGGAATGG CAACAGGCTG
TGCATCTTCA GGTGGGGCCG GCGGTTGTAT TTCTCCAGCG GCAAGCACGT CCTCTATAAG
CGGAATCAAT TTGGCTAATG TTTTACTACT GCGAAAAATA TCCCTGCACG CCAAACGGAC
TTCCCGGTCC GGCTCACCAG GGTTACGACG CGCTATCTCA AAAGCTT

(B)

TATTCTAAAG AAAAAATTAA CAGGCATTAA TTCAATATTA AAAAAATAAT AGATTAAAAT
TTCTTAACGA TTTAAGAATC ATACAAATAA CACTTTGATT AAATTTAATT TTTTGTATCG
ATAATTGTGA ACCTCTCTGG CATGGAGAAC TATTTTGAAC ATGAGGTGTT ACGTGGATAT
GTTGCTTATT ACAAGTACTG CTAATATAAA AACTTGAGAA AGAGATAACG GGTTATATGG
TGGTTTATCC CCGCTGGCGC GGGGAACTCG ACAGAACGGC CTCAGTAGTC TCGTCAGGCT
CGGTTTATCC CCGCTGGCGC GGGGAACACC TGTTTTCGCA AATCTATGGA CTATTGCTAT
CGGTTTATCC CCGCTGGCGC GGGGAACACG GGCGCACGGA ATACAAAGCC GTGTATCTGC
CGGTTTATCC CCGCTGGCGC GGGGAACACT GGCTCTGCAA CAGCAGCACC CATGACCACG
CGGTTTATCC CCGCTGGCGC GGGGAACACG AAATGCTGGT GAGCGTTAAT GCCGCAAACA
AGGTTTATCC CCGCTGGCGC GGGGAACACA TTACGCCTTT TTGCGATTGC CCGGTTTTTG
CGGTTTATCC CCGCTGGCGC GGGGAACACT CTAAACATAA CCTATTATTA ATTAATGATT
TTTTAAGCCA GTCACAATCT ACCAACTTTA TAGTATCACA CAAACAACAC ATCCATTATG
TTAAAGAGCA CTTAATCCAT TGATTAAAAA GGTAAATATT TAAAATAACT CTATACAAAC
TAAAATCTAC CAAACTTTAC CGCAATAATT TTCACTCCAG CGAAAAATTA ATGCCACAGA
ATTTGTAGAG AATGCTAATG ATTAGCCCTG GATGGGTAAA ATGGAGGAGT TTTCAGAGGC
GACAAACAAT ATAAATGAGT AGAAGTCTTT ACAGGTTCCA CCCATTTATA ACGCTTATAA
ATGTTTAATC AGGCAATATT TAGATATTTA TGTGTTTGCA TCGACAAACG CCAATTACGC
GCAATGCAGG TTTCAATGCA CAAACGTGTG GCATCATCCT TTTGGCTAAT CGGCTGCAGT
GCAATGACTC GCGGTTTATC ATCGGTCAGC GTTGCCAGTA GTTCATCCAG TGCTTCAATA
TCGCGTACGC GCCCCACTGG ATGCTTGATT TCGTTGGCTC GCTCCAGTGC CTGTGACAAC
ACTTCATAGC CGCCGCGCAT GTTCAGCTTT GGCGATACGG TAACCCAGGT ATTCGGTGTG
CAGCGTACCT CATGAGTACC ACTGGTTTCG ATCTGGCAGC TAAAACCGTT CTTTTCGAGC
AGATCAGTCA GTGGCAGCAA ATCATGAATG CAAGGCTCAC CACCCGTAAT CACCACATGC
CGCGCGGTGT ATCCCTGGCG ACCAATGACA GCCAGCAAAT CTTCACTGCT CGCAGCCCCC
CACTTATCAC TCTCTTTGGT CTTCGCCAGA ATGCTGAAAA GGGAGACTTC CCGATCCTCA
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FIG. 2. Nucleotide sequence of a part of the 9.7-kb HindIII fragment (A) and of the entire 1.5-kb HindIII fragment (B) containing the 29-bp
repeats. The repeated 29-bp sequences are illustrated by underlined boldface letters, and the translation termination codon of the iap gene
and restriction sites described by Kohara et al. (7) are underlined. Nucleotide numbers in parentheses in panel A were counted with the EcoRI
site upstream of the iap gene being taken as 1; the sequence up to 1664 was as described previously (6). Those in panel B were counted with

the HindllI site being taken as 1.

recloned into a plasmid, pUC18, and we confirmed that it
contained the functional iap gene after introducing the
recombinant plasmid into an Iap mutant strain, ANJ426 (9;
data not shown). The restriction map of the 9.7-kb HindIII
fragment agreed completely with that described previously
).

As the repeats of the 29-bp sequence in the 9.7-kb HindIII
fragment were found downstream from the coding region of
the iap gene and as the region containing the repeats was
carried on the 2.3-kb PstI-HindIII fragment (6, 9), the latter
DNA fragment was recloned into M13mp18 and M13mp19
phages for sequencing. Nucleotide sequences of the 2.3-kb
DNA fragment and the 1.5-kb HindIII fragment that hybrid-
ized with the probe DNA were analyzed by the dideoxy-
chain termination method (8, 11). A total of 14 repeats of the
conserved 29-bp sequence were found in the 2.3-kb Pstl-
HindIIl fragment, and seven repeats were found in the

1.5-kb HindIII fragment (Fig. 2A and B). Nucleotide C at
1664 in Fig. 2A was mistakenly identified as G in a previous
paper (6); this nucleotide was derived from the vector
plasmid. The repeated 29-bp sequences are highly con-
served. The nucleotide sequences of 15 repeats among the 21
were exactly the same, except for the 28th nucleotides,
where A or T was found. The homology of the first repeat to
the consensus sequence was weaker (56%) than the remain-
ing repeats, which deviated from the consensus only by 1 or
2 bp. Of the 29 nucleotides, 20 were either G or C (71%), and
therefore the G+C content in this region was higher than the
mean for the chromosome DNA, 51% (12). Spacing between
each of the 29-bp repeats was exactly 32 bp, except for the
two spacer regions that were made of 33 nucleotides.
Possible open reading frames were sought in both DNA
segments, with consideration of the possible role of the
repeats in regulation of the neighboring genes. Two open
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FIG. 3. Restriction map of the iap-pyrG gene region of E. coli
chromosomal DNA (7) and the location of the repeated sequences.
The restriction cleavage sites are BamHI (top line), HindllI (line 2),
EcoRlI (line 3), EcoRV (line 4), BglI (line 5), Kpnl (line 6), PstI (line
7), and Pvull (bottom line). The regions sequenced in our previous
study and this study are shown by stippled boxes, and the restriction
cleavage sites found in the sequenced regions are circled. Letters: a,
3.9-kb BamHI fragment; b, 8.0-kb BamHI fragment; c, 9.7-kb
HindIll fragment; d, 1.5-kb HindIll fragment; e, 30-kb EcoRlI
fragment.

reading frames that could code for proteins with molecular
weights of 10,000 or more were found in the region covering
the repeats in each DNA segment, one downstream of the
iap gene in the same orientation (nucleotides 1929 to 2216
[Fig. 2A]) and the other in the 1.5-kb segment (nucleotides
257 to 550 [Fig. 2B]). However, no consensus sequence for
ribosome-binding sites was found at an appropriate position
upstream from these open reading frames. An open reading
frame coded for by the other DNA strand was found in each
of the DNA segments. The one continuing from the 3’ end of
the sequenced region and ending at nucleotide 998 in the
1.5-kb segment, which coded for 174 amino acids, may be a
distal part of an unknown gene. No repeats of the 29-bp
sequence were in this region. Thus, these repeated se-
quences were probably in noncoding regions. The biological
function of the repeated sequences, such as chromosomal
rearrangement or modulation of expression of the gene
immediately upstream or downstream, is not known.

Location of the DNA fragment containing the repeats. The
iap gene and one set of the repeats are carried on the 9.7-kb
HindIIl fragment, the other set is on the 1.5-kb HindlIII
fragment, and both sets are on the single 30-kb EcoRI
fragment, so two sets of the repeat should be on a 30-kb
EcoRI fragment in the vicinity of the iap gene. In addition,
each set of the repeats is carried on the 8.0- and 3.9-kb
BamHI fragments, respectively. Therefore, both BamHI
fragments should be contained in or overlap the 30-kb EcoRI
fragment. To locate these two sets, we examined the restric-
tion map of the E. coli chromosome constructed by Kohara
et al. (7) in the vicinity of the iap locus. A region that fulfills
the above conditions was found between iap (59.1 min) and
pyrG (59.7 min); one set was near the iap gene and the other
was near the pyrG gene (Fig. 3).

The chromosomal segments in this region have been
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FIG. 4. Spot hybridization of lambda phage DNA isolated from
phage clones. Lanes: 1, 25D2(450); 2, 1B5(451); 3, 6C8(452); 4,
9A10(453); 5, 1B3(454); and 6, 8B9(455). End-labeled probe DNAs
used were synthetic oligonucleotides (A) and the 1.5-kb HindlIl
fragment (B).

cloned into the lambda clones 1B5, 6C8, 9A10, 1B3, and 8B9
(7; Fig. 3). To locate each set of repeats, we hybridized the
DNAs isolated from these phages and the 3?P-labeled syn-
thetic oligonucleotides or the labeled 1.5-kb HindlIII frag-
ment (Fig. 4). DNAs of phage clones 1BS and 6C8 hybridized
with the 29-mer probe oligonucleotides more than those of
1B3 and 8B9 did, and clones 1B3 and 8B9 hybridized with
the 1.5-kb HindIII fragment much more than the other two
did. DNAs of 25D2 and 9A10 clones, neither covering the
3.9-kb BamHI fragment or the 1.5-kb HindIII fragment, did
not hybridize with either of these DNA probes. Chromo-
somal DNA segments cloned into these phage clones did not
complement the iap gene mutation (data not shown). Thus,
the two DNA segments containing the repeated sequences
were on the EcoRI fragment, one in the end at 59.1 min and
the other in the other end near 59.7 min (Fig. 3).

The order and relative positions of the restriction sites of
Pstl, Bgll, and EcoRV found in the DNA segment between
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FIG. 5. Southern blot hybridization of chromosomal DNA iso-
lated from E. coli K10 (lanes 1), Salmonella typhimurium TA1535
(lanes 2), Shigella dysenteriae Sh (lanes 3), K. pneumoniae (lanes 4),
and P. aeruginosa (lanes 5) after digestion with EcoRI (A), BamHI
(B), or Hindlll (C). A mixture of end-labeled synthetic oligonucle-
otides was used as a probe.
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the iap gene and the HindlIII site (6; Fig. 2A) were the same
as those shown by Kohara et al. (7; Fig. 3). Therefore, the
DNA sequence illustrated in Fig. 2A is clockwise on the
genetic map, and the iap gene is transcribed and translated in
this orientation.

Thus, we concluded that the DNA segment with 14
repeats of the 29-bp sequence is located at 59.1 min and, at
a distance of about 24 kb, the other DNA segment with
seven repeats of the similar nucleotide sequence is located at
59.6 min.

Examination of similar repeats in other gram-negative
bacteria. To see whether sequences similar to the 29-bp
sequence exist in other E. coli strains and in other species of
gram-negative bacteria, Southern blotting analysis was done
with chromosomal DNA from E. coli C600 and Ymel (3),
Salmonella typhimurium TA1535 (2), Shigella dysenteriae
Sh (5), Klebsiella pneumoniae, and Pseudomonas aerugi-
nosa (obtained from the Institute for Fermentation, Osaka),
with a mixture of synthetic oligonucleotides as a probe (Fig.
5). Chromosomal DNAs of strains of Salmonella typhimu-
rium and Shigella dysenteriae, as well as of other E. coli
strains (data not shown), hybridized with the probe, but no
hybridizable DNA sequence was detected in the genome of
K. pneumoniae or P. aeruginosa.
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