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ABSTRACT

The IncIa plasmid R64 was found to bear a highly mobile DNA segment
which was designated as a clustered inversion region (J. Bacteriol. 165, 94-
100, 1986). The clustered inversion region consists of four DNA segments
designated respectively as A, B, C and D which differ in molecular size and
restriction sites. The four DNA segments invert independently or in groups
resulting in a complex DNA rearrangement. We now show the nucleotide
sequence of the clustered inversion region of R64. The present results
suggest that the clustered inversion region is a biological switch to select
one of seven open reading frames whose primary structures at the region
proximal to N-termini are constant while those at the C-terminal region are
variable. A name, "Shufflon" was proposed to call this kind of the clustered
inversion region.

INTRODUCTION

In a number of procaryotic systems, the inversion of a specific DNA
segment has been shown to regulate gene expression (for reviews, see
references 1 and 2). In Salmonella typhimurium, the inversion of H segment
switches the alternative production of Hl or H2 flagellin (3, 4). The G and
C inversions control the host range of phages Mu and P1, respectively (5-8).
Similar P inversion was found on the Escherichia coli chromosome (9). These
inversions are well characterized and are shown to be accomplished by site-
specific recombination. They are closely related since the sequences of DNA

crossover sites are homologous (4, 7-9) and the genes of site-specific

recombinases (hin, gin, cin, and pin) are also homologous and complement each
other (10). Production of type 1 fimbriae of E. coli is also regulated by an
inversion of a 314-bp DNA segment (11).

In our previous works (12, 13), we have found and cloned a highly mobile
DNA segment in Inclo plamid R64 (pKKOO9). Restriction enzyme analysis showed
that pKKOO9 DNA was a mixture of six or more DNA species. When a part of
pPKKOO9 DNA was deleted, 33 different types of fixed plasmids (pKKO10-series
plasmids) were obtained among 58 clones tested. Detailed comparison of the
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restriction maps of pKKO10-series plasmids led us to propose a model in which
four DNA segments, designated as A, B, C and D, invert independently or in
groups, so that the arrangement of the four segments change randomly. It was
shown that the DNA rearrangement was mediated by a gene fuction, designated
as rci, which was located near the inversion region. This DNA rearrangement
was designated as a clustered inversion region.

In this paper, we have determined the nucleotide sequence of the
clustered inversion region of R64. There are seven 19-bp repeats which
separate the four DNA segments. The results indicate that the DNA
rearrangement 1is accomplished by a series of site-specific recombinations
between any two repeats which lie in the opposite direction. On the basis of
the analysis of open reading frames of this region, we have proposed a model
in which the clustered inversion region is a biological switch to select one
of the seven proteins whose primary structure at the region proximal to N-
termini are constant while those at the C-terminal region are variable. A
name, ''Shufflon' was proposed to call this kind of the clustered inversion.

MATERIALS AND METHODS
Bacteria, phages and plasmids

Escherichia coli JM83 ara A(lac-proAB) rpsL #80 dlacZaMl5 and  JM103
(lac-proAB) supE thi rpsL sbcB15 endA hspRé F' traD36 proAB lacI9d ZaM15 (14)
were used. Sequencing vectors M13mpl8 and M13mpl9 (14) were used. Plasmid

pKK010-85 (13) was used for DNA sequence determination.
DNA sequence determination

The DNA sequence was determined by the method of Messing (15).
Materials

Restriction enzymes and M13 sequencing kit were obtained from Takara
Shuzo, Boehringer Mannheim and Bethesda Research laboratories. [a-32P]dCTP
(400 Ci/mmol) was from Amersham Corp.

RESULTS AND DISCUSSION
DNA sequence of the clustered inversion region in R64

Restriction map of the inversion region of a fixed plasmid, pKKO10-58,
which has arrangement of DNA segments ADCb was constructed as shown in Figure
1. The nucleotide sequence of the inversion region of pKK010-85 was
determined according to the strategy shown in Figure 1. Figure 2 shows a
sequence of 3421 bp from the Hpal site to the third EcoRV site. Every
nuclotide was determined in both directions using overlapping fragments.
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Figure 1. Restriction map and sequencing strategy. The restriction map of
pKK010-85 (13) is shown by a bold line. Below this, the sequencing strategy
is shown. At the top, the names of the four DNA segments are indicated. DNA
segments in opposite direction are indicated by small letters.

There are seven 19-bp repeats oriented in the same or opposite direction
as shown by the large arrows in Figure 2. They flank each of the four DNA
segments: For example, segment A is flanked by repeats 1 and 2. Likewise,
segments D, C and B are flanked by repeats 2 and 3, 4 and 5, and 6 and 7,
respectively. DNA rearrangement might occur through a series of site-
specific homologous recombinations between any two repeats which lie in the
opposite direction. This prediction was supported by the analyses of the
nuclotide sequence at some different junctions of the four segments in the
other pKKO10-series plasmids (S. Kim & T. Komano, unpublished results). Seg-
ments A, B and C are bracketed by inverted repeats whereas segment D is
bracketed by direct repeats. This fact is consistent with the previous
observation that segment D takes only one orientation when it lies at the
leftmost or the rightmost positions of the inversion region (13). Homologous
recombination seems to take place between both polarities of the inverted
repeats ( —» ==--cceeee <«— and <—---mmeeme- — ), since segment D takes
both orientation when it lies at the 2nd or 3rd positions of the inversion
region (13). However, recombination is not likely to occur between direct
repeats, since deletion of DNA segments was not detected from the inverting
plasmid pKKOO9 (13). The DNA sequences of 8-bp regions between repeats 3
and 4, and those between 5 and 6 are completely identical, though their
polarity is reversed.

DNA crossover sites

Figure 3 compares the seven 19-bp repeat sequences. Left-hand 13-bp and

right-hand 3-bp sequences are completely conserved, whereas the consensus AC
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1 AACCGCCATCGTCTTAATATTGGCACTGGAGACCTGTGGCTTATIGCAGETATTACCGCATGGTCAGGG I TATATAACGCCATATGG TG TG TG TTGETGE
101  GCACAGGAGGATTTGTCTTATGGCATTCAACATGGTGCATAAAAGGGCATAAAGAAGGCCCTCTGGGTCCATCCCTATG TTTTGGCCATGTCCTTTTGCT
201 GCTGGATAATCTTTATCAACCACTATGGCTAATCTANIGAAAAAATATGACCGAGGCTGGGCATCGCTGGAAMCTGGCGCGGCTTIACTGATTGTTATCC
301 "[CCI‘CATICCCICGGGAGO;’GCCATA’ICGCAGGA(?l‘t;l‘:\tITCAAACAAMCCATCGCAMC’ICAACO\CGTCTI'GICACCAACTCCACCAGI‘GCGGCCCG
401  CTCTTATATAGGGAAAAACTACACGACTCTCCAGGGCAGTAGTACCACAACAACTCCTGCCGTTATCACGACAACCATGCTGAAAAATACCGGCTTTTIG
501 TCCAGCGGGTTTACTGAGACAAACAGCGAGGGGCAGCCGTTACAGGCATATGTGGTTCGAAACGCCCAAAACCCGGAATTACTACAGGCAATGGTTGTAT
601 CCAGTGGTGGCACACCTTATCCAGTGAAAGCACTTATCCAGATGGCTAAGGATATTACCACTGGTCTTGGTCCATATATCCAGGACGGCAAAACAGCCAC
701  AGGTGCATTACGTTCCTGGTCAGTAGCTTTAAGTAATTATGGTGCCAAAAGCCGTAACGGGCATATTGCCGTATTGTTATCGACAGATGAACTTAGTGGT
801 GCAGCTGAGGACACTGATCGTCTTTACAGATTCCAGGTCAATGGTCGCCCTGACTTAAACAAAATGCACACGGCCATTGATATGGGATCAAATAACCTGA
901  ATAACGTTGGGGCAGTAAATGCCCAGACAGGTAATTTCAGCGGCAATGTGAATCGTCTAAATCGCACTTTCAGCGGTCAGGTAAAAGGCAATAGCGGAAA
1001 CTTTGACGTAAATGTCACCGCTGGCGGTGATATCAGAAGTAATAATGGTTGGTTAATTACTCGTAACAGTAAAGGCTGGCTCAATGAAACTCACGGTGGC
1101  GGATTTTATATGTCCGATGGATCATGGGTTCGAAGTGTAAACAACAAGGGCATCTATACCGGCGGTCAGGTGAAAGGCGGTACTGTTCGGGCTGATGGTC
1%1cmmwﬂmmmymammmmmmmmmmmmmmmmmmmmmmmmmmmmmmmnmmmmmmn
1301 ACTTTCGTOCCARTCORGTACG T GGAAGACTTCTGGTTCGCTCAATGGTTCT TACACAAACTTAGG TTCACATAGACGTTCATTCTCAGGGCGGAATTCA
1401  GGGGGCAGTACATTGTTTATTTATGCATCTGGAGGTAATGGAGGATCTGCCGGAGGTGCATGTGCAAATACATCCCGACTGCAGGGATATGTIGGTGGGA
1501 CGCTAATTAGCGTGAATGCCAGCAATAACCCTGCATATGGAAAAACAGCCTTTATCAGCTTTGCTGTACCTGCAGGTACTTCCTATCAGATAACATCCTA
1601 m@mmmmmmmwmmmmmmaunmmmnmmmnﬁ&ﬁﬁﬁhmanmmmmmmmanammxmmc
1701 'II‘GI‘A’[’I’ICTACGA‘I‘I‘ICCL’ICAACCI‘GCIUGGCPCICAACYACCICGCAGTA?I%(?GCATCCFCICCGTTSCCCAITCICCCAATGGO\O\GAAGI‘CEA
1801  ATTGCCCCAGATAACCTGTGGTGGAAAGCTGAGTAACTTIGAGT TTTCCACCTATTCTCCCTCAGO TACCGATTGCACGTAGGCCAGCAGCGCCAGCA
1901 NﬂTNﬂCgQ%@Cﬁ#ENIGMQmOHANanUTﬂtmGﬂAMﬂomCKXNmnntGHTHUORAKHCHWKmﬂJDMNMGMC
2%1xnéxznmnmnmmwmmummMmmmmmmnmmmwwmmmmnnmmmmmmmmwmmm

—%
2101 C:I;GACICGCACAAAATCCIC'I'ICGCAECGGI ATTTGCTGACCATTTGCTATACGACCAGTTATCACCGTACTACCAGAATTGCTTTTACGCCAAGTACCG

2201 GATTGGCACTGGCCTACGTGCCAATCOGGT. ACLECCGO}CTCCI’ AAAATTCAATTCACAACGCAGACCTACAACATAGCTAAAAACACTCGTAATTTAA
2301 GGCTCGGGGTCCATGCATATTGCTCATGGACTTACCTGAATGGCTCACCCTTTGGTGGTTTTCAACAGGTATATTCCGACCAAAACAACGTTTGGTATGT
2401 GAGTAATTATGCTTGGGGAAATTATGAGTCTGGTGGGACCATATCAGT! CACATGCCICAATGTCCICGNCTGGSAQG%ETZ%%MAGGCGQACAGTAG
2501 GCATCGACA’ICI'I‘CCI‘O\TCAACACCAT(‘ACCAATACC(.'I‘A(’A’ICCCICTYCCAGPCATAATGTATCCAGTCCGSA(C?\%CMMGCHUTMTACAM

2601 AA5CCACCAC1‘ CTTACCG CCGATAAAG’IEA’I’I‘CA’I’ICCI‘ "ACGGATGATTTGTACCAATTACATGCTGAGTAATTAATTTTATTACCCCCTGACCACCGACC

2701 GGATTGGCACGTAGGCCAGTGCCAATCCGGTACCTGGAGAAAGGTAGGATCTGGTGAGCTTCAAATTGCTACAGCACAGGCCACAGGTTGGCGCTTTCCT

2801 GGAGCAACAGCTACTTGTCCAACTGGAAAACGTGTTACAGGTGGCGGCGGAATATGCACCTCACGAACTGGTTACATATGGCTTACCAGGTCATTCCCAT
stop__ B’

2901 CAGCCAATAAcntATGGTCGGcncccTcccATACAAcccAAcAICAGAATCGTTCAAT%ACTGTATATCCCATTTCCCAATAAcggzg;TCAAGCAAGTA

stop
3001 ATCTTCATAAAGTAGGACGAATACTGTGTGTAGTTTTTGGCTTGCCAAGTCATCTCGCCGTTAGAGTCAGGCATGTCAATAGGAACGACTTCTGTTTCTG

3101 CCA'I'I'I‘OACGCCCGI‘CAATACGATAGG’IUI‘TAAT/_\,CACAGI'ITAAACCICCCTAACACCIC'ICTGFI’I’I’ICGGATATAACGI‘AMTG’I’ITITATATICGI’
o

3201 CCATATCGACGCTGATGATGATTTCCAGGTACCGGATTGGCACGCTTGCAGAGAATGATTGTTGGCATTATTTTTTGCCTCTTTTGAGGTT: : 3

start rci

3301 TCTCCACGCATCCGTAAAATGTCCCTGTCACGCGCACTGGATAAGTACCTGAAAACAGTTTCTGTTCACAAGAAAGGGCATCAACAGGAGTTTTACCGGA
3401 GCAATGTTATCAAGCGATATC

Figure 2. Nucleotide sequence of the clustered inversion region of R64.
HpaI-EcoRV region of pKK010-85 was sequenced by the M13 dideoxy chain
termination method. Seven 19-bp repeat sequences are indicated by large
arrows. Initiation codon of ORF are boxed. Putative Shine-Dalgarno
sequences are underlined. Termination codon are indicated by small arrows.
In addition to the seven 19-bp repeats, 17-bp direct repeats (position 973-
989 and 1162-1178) with 1-bp mismatch are detectable in this region.
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Repeat 1 TTT AAGA
2 CTAG GGA
3 GCCA GTA
4 CTAQ GCG
5 CTA(Q CAG
6 GCCA AGAA
7 AAGQ AAAT
Consensus GTGQCAAIQQQQEAC-TGG
CG)
H,G,C,P TT-TC--AAACCAAGGTTT--GA-AA
Type 1 pili TGGCCCCAA

Figure 3. Alignment of repeat sequences. The seven 19-bp repeat sequences
are aligned in the same direction. Conserved regions are boxed. Consensus
sequence of the repeats is shown together with the crossover site of H, G, C
and P inversion regions (4, 7-9) and that of type 1 fimbriae inversion
region (11). Crossover of the recombination in the clustered inversion region

is supposed to occur somewhere within the underlined 13-bp in consensus
sequence (see text).

sequence at position 14 and 15 is replaced by CG in repeat 5 and the 16th
base is C, G or T. These sequences show no remarkable homology with the DNA
crossover sites of H, G, C and P regions or that of the control region of the
E. coli type 1 fimbriae gene. Repeats 4, 6 and 7 have a Kpnl site. Hence, we
mapped Kpnl sites in the inversion region of all 58 pKKO10-series plasmids
described in the previous paper (13). In all cases, Kpnl sites are located
at both ends of segment B and one particular end of segment C (data not
shown), indicating that the actual crossover site for the recombination event
is somewhere within the conserved 13-bp sequence. The structural difference
in the repeat sequences seems to pe the reason for the unequal frequencies of
the inversion of the four segments as observed previously (13). For example,
the frequencies of plasmids having the A segment at the leftmost position of
the inversion region was about two thirds of the population at equilibrium.
Analysis of open reading frames

Open reading frame (ORF) of this region was analyzed (Figures 2, 4). A
long ORF preceded by a possible Shine-Dalgarno sequence (GGT) starts at
position 237, proceeds rightward beyond repeat 1, and stops at position 1658
which lies inside segment A. Segment A has another ORF extending from repeat
2 to position 1661. If segment A inverts between repeats 1 and 2, the ORF
after repeat 2 connects in frame with the ORF starting from position 237
(Figure 4-II). Also, segments B and C each have two inward ORFs from the
repeats at both ends, while segment D has only one ORF. When these ORFs move
to the leftmost position of the inversion region, they commect in frame with
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Figure 4. Model for switching of the seven genes. 1) represents gene
organization of pKK010-85. Black arrows represent the seven 19-bp repeats.
The four DNA segments are indicated above the figure. ORFs in the left-to-
right or right-to-left direction are indicated by top or bottom hatched area
of the figure, respectively. Inversion of segment A, mediated by the rci
product Rci, results in plasmid II. Subsequent inversion of whole segments
results in plasmid ITI. Random inversion of the four segments independently
or in groups results in a mixture of 1152 isomers (= 4! x 2° x 1.5) if one
considers even the direction of small 8-bp segments between repeats 3 and &
and between 5 and 6.

the ORF starting from postion 237 (one example is shown in Figure 4-III).
These results suggest that the clustered inversion region has a function to
select one of seven genes, giving rise to produce one of seven proteins of
which N-terminal regions are constant, while C-terminal regions are variable.
It is noteworthy that stop codons in ORFs from both repeats in the segments
A, B or C are overlapping or very close with repect to their sequence (Figure
2). We could not find a promoter structure for the ORF starting from position
237. Instead, there is another ORF continuing far from position 1, which
stops with two consecutive nonsenese codons overlapping with the initiation
codon of the long ORF. The ORF starting from position 3295 appears to be the
coding region of rci, a gene for a site-specific recombinase. Preliminary
results of sequencing of this region indicate the presence of an ORF of 384
codons (A. Kusukawa & T. Komano, unpublished results).

Figure 4 shows a model for switching of the seven genes by inversions.
Inversion between repeats 1 and 2 of plasmid I in which gene A is expressed,
results in plasmid II in which the gene is changed to A'. Further inversion
of plasmid II between repeats 2 and 7 results in plasmid III in which gene B
is expressed. Random inversions between any two of the inverted repeats
result in expression of each of the seven genes. We would like to propose
that this kind of the clustered inversion might be called a 'Shufflon'.

Deduced amino acid sequences of the constant and variable regions are
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Constant region

WMIWIK}WIW SNWTSAARSYIG mencssrrrmvmmxmﬂsscmmsmq
YVVRNAQNP! SGGTPYPVKALIQMAKDITTGLGGY IQDGKTATGALRSWSVALSNYGAKSGNGHIAVLLSTDELSGAAEDTDRLYRFQ

VNGRPDLNKMHTAT DMGSNNLNNVGAVNAQTGNF SGNVNGVNGTFSGQVKGNSGNFDVNVTAGGDI RSNNGWLI TRNSKGWLNETHGGGFYMSDGSWVRS

VNNKGIYTGGQVKGGTVRADGRLYTGEYLQLERTAVAGASCSPNGLVGRDNTGAILSOQSG —~ Variable region

Variable region
A — TWKTSGSLNGSYTNLGSHRGSFSGRNSGGSTLFI YASGGNGGSAGGACANTSRLQGYVGGTLISVNASNNPAYGKTAF ISFAVPAGTSYQITSYPTENTS
CGAGVESVFGYQT

A'—= TWGTIGGKLKVTQLSTTGYLGQFDFCATARMGNAEDAHY OQVVESPAGSRKWYKYEHKTGCIASGVTLN

B —= TWKSSSAS IWINIKTFTLYPKNTQVLGRFKLCINTYRIDGREMAETEVVP I DMPDSNGEMIWQAKNYTQYSSYFMKITCLK

B'— TWRKVGSGELQIATAQATGWRFPGATATCPTGKRVIGGGGICTSRIGY TWLTRSFPSANNSWSAACDTTEDQNGS ITVYALQQ

C— TWGAPKIQFTTQTYNIAKNTRNLRLGVHAYCSWTYLNGS PFGGFQQVYSDQNNVWYVSNYAWGNYESGGTISVICLNLPGAGA

C— RWSGGNKINYSACNWYKSSVAMNHFTGGKSGGS 1 YYKPIQCPTGYIMIGTRMYGIGDGVDEEHVDAYCCPEN

D TWRKSNSGSTVI TGRIANGQQI PLPTGFSASQCSWSVSNAENPQGWKPNYFAGSVATYDANR IVK CGFYDEYNFHKGTFRADLTGKCSYVVACQN

Figure 5. Deduced amino acid sequences of the product coded for by the

variable genes. Amino acid sequences of constant region and variable region
are indicated.

shown in Figure 5. Constant regions consist of 361 amino acids, whereas the
number of residues in the variable regions fluctuate between 69 and 113. No
remarkable homology is noticed among seven variable regions. The amino
terminal region of a constant region consists of a basic amino acid part, a
hydrophobic amino acid domain and AlaTrpGlyAlaGly (cleavage site ?) in succe-
ssion. This structure somewhat resembles the signal peptide of secretory
proteins except for the occurrence of aspartic acid and glutamic acid (16).
However, it 1is too premature to conclude that these genes encode secretory
proteins.

At present we do not know the biological significance of this DNA
region. The wide distribution of similar DNA regions around the center of
the "core" region of many Incla plasmids (T. Komano, manuscript in prepara-
tion) suggests an important role of this region in the basic function of the
Incla plasmids. Further investigation is in progress for the elucidation of
this matter.
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