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The incA gene product of ColE2-P9 and ColE3-CA38 plasmids is an antisense RNA that regulates the
production of the plasmid-coded Rep protein essential for replication. The Rep protein specifically binds to the
origin and synthesizes a unique primer RNA at the origin. The IncB incompatibility is due to competition for
the Rep protein among the origins of the same binding specificity. We localized the regions sufficient for
autonomous replication of 15 ColE plasmids related to ColE2-P9 and ColE3-CA38 (ColE2-related plasmids),
analyzed their incompatibility properties, and determined the nucleotide sequences of the replicon regions of
9 representative plasmids. The results suggest that all of these plasmids share common mechanisms for
initiation of DNA replication and its control. Five IncA specificity types, 4 IncB specificity types, and 9 of the
20 possible combinations of the IncA and IncB types were found. The specificity of interaction of the Rep
proteins and the origins might be determined by insertion or deletion of single nucleotides and substitution of
several nucleotides at specific sites in the origins and by apparently corresponding insertion or deletion and
substitution of amino acid sequences at specific regions in the C-terminal portions of the Rep proteins. For
plasmids of four IncA specificity types, the nine-nucleotide sequences at the loop regions of the stem-loop
structures of antisense RNAs are identical, suggesting an evolutionary significance of the sequence. The mosaic
structures of the replicon regions with homologous and nonhomologous segments suggest that some of them
were generated by exchanging functional parts through homologous recombination.

Colicin E plasmids (ColE plasmids) encode colicins which
use the host btuB gene product on the bacterial membrane as
the mediator for their bactericidal actions (12, 35). The
specificity of the colicin-immunity protein interaction was used
to classify colicins into nine subtypes. Restriction analyses have
revealed some structural similarities among plasmids ColE2 to
ColE9 (8,32,76,77), whereas the ColEl plasmid ColE1-K30 is
structurally distinct (9). These ColE plasmids other than the
ColEl plasmid will be collectively called ColE2-related plas-
mids (Table 1). Plasmid incompatibility between some of
ColE2-related plasmids has been examined by measuring
mutual exclusion. Plasmids ColE3-CA38, ColE7-K317, and
ColE8-J belong to one incompatibility group (11, 39), and
plasmids ColE5-099, ColE6-CT14, and ColE9-J belong to
another incompatibility group (11). Plasmids ColE2-P9 and
ColE3-CA38 require plasmid-coded Rep proteins (19, 22) and
host DNA polymerase I (25, 66) for plasmid replication. The
Rep protein binds to the origin in a plasmid-specific manner
(23) and synthesizes a unique primer RNA (ppApGpA) for
initiation of the leading-strand DNA synthesis by DNA poly-
merase I at the origin (68, 69; see Fig. 1 and 5). The specificity
of interaction of the origins with the Rep proteins is deter-
mined by the absence or presence of a single base pair in the
origin (80). Cloned origins exclude autonomously replicating
plasmids (IncB function) in a plasmid-specific manner due to
competition for the Rep proteins (67). A pair of derivatives of
ColE2-P9 or a pair of derivatives of ColE3-CA38 exclude each
other very efficiently. The expression of the rep gene is
regulated negatively at a posttranscriptional step by the incA
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gene product, an antisense RNA (RNA I) complementary to
the 5' untranslated region of the Rep mRNA (70, 81). RNA I
rapidly forms a stable complex with the Rep mRNA in vitro,
and the rate of binding is affected even by single nucleotide
substitutions, which result in increase in plasmid copy numbers
(62). The nucleotide sequences of the portions of ColE2-P9
and ColE3-CA38 in and around the RNA I-coding regions are
identical to each other (80), and they belong to the same IncA
specificity group. Between autonomously replicating ColE2-P9
and ColE3-CA38 plasmids, however, mutual exclusion is very
inefficient (11, 20, 39, 67), and these plasmids have been
occasionally judged to be compatible with each other. The
region of about 250 bp located next to the incA gene (Fig. 1) is
involved in stable maintenance of the plasmids by host bacteria
and resolution of plasmid multimers to monomers (80). The
region shows extensive structural similarity to the region of
ColEl plasmid containing the cer site required for similar
functions (64), suggesting that ColE2-P9 and ColE3-CA38 use
a host site-specific recombination system identical to that used
by the ColEl-type plasmids.
Here we localized the regions of 15 ColE2-related plasmids

sufficient for autonomous replication. We showed that the
basic mechanisms of initiation of replication and its regulation
are identical among these plasmids. We found four new IncA
specificity types and two new IncB specificity types. The mosaic
structures of the nucleotide sequences of the replicon regions
suggest that some of these structures have arisen by exchange
of functional parts of the replicon regions among several
plasmids by homologous recombination. We also discuss the
specificity determinants of the IncA and IncB functions.
(A preliminary account of this report was presented at the

EMBO-FEMS-NATO Advanced Research Workshop on Bac-
teriocins, Microcins and Lantibiotics held on the Isle de
Bendor, France, 22-26 September 1991 [21].)
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TABLE 1. Properties of CoIE2-related plasmids

Type of incompatibility
Plasmid Original host Type of colicin Type of immunity IncB Sourceagainst colicin IncA (RNA I) (Rp/n)

ColE2-CA42 E. coli E2 E2 E2-CA42 E2-CA42 1
CoIE2-K321b E. coli E2 E2 E2-P9 E2-P9 1
CoIE2-GEI288b E. coli E2 E2 E2-P9 E2-P9 1
CoIE2-GEI554b E. coli E2 E2 E2-P9 E2-P9 1
ColE2-GEI602 E. coli E2 E2 E5-099 E2-CA42 1
CoIE2-P9b Shigella sp. E2 E2 E2-P9 E2-P9 2
ColE2imm-K317 E. coli E2 E2imm-K317c E2-CA42 1
ColE3-CA38 E. coli E3 E3, E8 E2-P9 E3-CA38 2
CoIE4-284d E. coli E4 E4 E2-CA42 E2-P9 1
ColE4-CT9d Shigella sonnei E4 E4 E2-CA42 E2-P9 2
ColE4-K365d E. colU E4 E4 E2-CA42 E2-P9 1
ColE5-099 S. sonnei E5 E5 E5-099 E5-099 2
Co1E6-CT14e S. sonnei E6 E6, E8 E5-099 E5-099 2
ColE6-Ind8e S. sonnei E6 E6, E8 E5-099 E5-099 2
CoIE7-K317 E. coli E7 E7 E2-CA42 E3-CA38 1
ColE8-J E. coli E8 E8 E2-P9f E3-CA38 3
CoIE9-J E. coli E9 E9, E5 E9-J E5-099 3

a 1, R. Watson; 2, H. Masaki; 3, R. James.
b These four ColE2 plasmids gave identical restriction maps (76).
c Exclusion by its own incA gene was very slow.
d These three ColE4 plasmids gave identical restriction maps (76).
eThese two ColE6 plasmids gave identical restriction maps (data not shown).
f ColE8 was only slowly excluded by the cloned incA gene of the ColE2-P9 type, but the cloned incA4 gene of ColE8 efficiently excluded other plasmids with the IncA

specificity of ColE2-P9 type.

MATERIALS AND METHODS

Bacterial strains and plasmids. The Escherichia coli K-12
strains used are RRlbtuB (4, 36), JM109 (79), AGlrecAJ (17),
and AKlOlrecA::TnlO (57a), a derivative of JM103 (38). Other
bacterial strains have been described elsewhere (19, 70, 80).
Plasmids used are pUC118 and pUC119 (74) and the 17 ColE
plasmids listed in Table 1. Other plasmids have been described
elsewhere (19, 72, 80, 81) except for those described below.

Construction of plasmids. An autonomously replicating
derivative of each ColE2-related plasmid carrying a chloram-
phenicol resistance gene (pEC series) was constructed by
ligating the 1.2-kb fragment containing the resistance gene (19)
via BamHI linkers with an appropriate fragment of each
ColE2-related plasmid as follows: the 2.4-kb PvuII fragments
of ColE2-K321, ColE2-GEI288, ColE2-GE1554, ColE2-
GEI602, ColE5-099, ColE8-J, and ColE9-J; the 2.0-kb PvuII-
PstI fragment ColE2-CA42; the 1.5-kb HincII-BglI fragment of
ColE2imm-K317; the 2.3-kb BglII-PvuII fragments of ColE4-
284, ColE4-CT9, and ColE4-K365; the 1.8-kb HincII-BglI
fragments of ColE6-CT14 and ColE6-Ind8; and the 2.3-kb
HincII-PstI fragment of ColE7-K317. Plasmids carrying the
two fragments in different orientations are named as described
for pEC21 and pEC22 (19), and each plasmid is distinguished
by a suffix representing the original plasmid; e.g., pEC22-CA42
derived from ColE2-CA42. A derivative of pNT51incl,2 (72)
carrying the incA or incB region of each plasmid (pTI51A or
pTI51B series, respectively) was constructed by replacing the
BamHI-Eco47III or BamHI-EcoRV fragment with an appro-
priate fragment of each plasmid of the pEC series: the 0.6-kb
BamHI-HincII fragments of pEC22-CA42, pEC52, pEC72,
and pEC92; the 0.7-kb BamHI-HincII fragment of pEC22imm;
the 0.6-kb BglII-HincII fragment of pEC42-CT9; and the
1.1-kb BamHI-ClaI fragments of pEC62-CT14 and pEC82 for
the pTI51A series; and the 1.8-kb BamHI-HincII fragments of
pEC22-CA42, pEC52, pEC72, and pEC92; the 0.8-kb BamHI-
HincII fragment of pEC22imm; the 1.7-kb BamHI-HincII

fragment of pEC42-CT9; and the 1.3-kb BamHI-ClaI frag-
ments of pEC62-CT14 and pEC82 for the pTI51B series. Each
plasmid is distinguished by a suffix; e.g., pTI51A2-CA42 carries
the fragment derived from ColE2-CA42.

Media, enzymes, antibiotics, and chemicals. L broth (43)
and Terrific broth (55) were as described previously. Enzymes,
antibiotics, and chemicals were from commercial sources.

Incompatibility test. RRlbtuB cells harboring each of the
original ColE2-related plasmids were transformed with plas-
mids carrying the cloned segments containing the incA regions
(pTI51A series) or the incB regions (pTI51B series) of
ColE2-P9 and ColE3-CA38 and the corresponding segments
of representatives of other ColE2-related plasmids. The result-
ant transformants were selected only for the incoming plasmids
and then tested for production of the colicins specified by the
resident plasmids, using E. coli N100 as an indicator strain.
N100 cells harboring each of the autonomously replicating
derivatives of ColE2-related plasmids (pEC series) were trans-
formed with plasmids of the pTI51 series and selected only for
the incoming plasmids as described above. The resultant
transformants were then tested for the drug resistance deter-
mined by the resident plasmids. The presence or absence of the
resident plasmids was judged after incubation for 6 h at 37°C or
for 12 h at 30°C. This procedure was repeated at least three
times to confirm whether the resident plasmids were stably
maintained.
DNA manipulations. Most DNA manipulations were per-

formed as described previously (55). Nucleotide sequences
were determined essentially as described previously (56), using
a T7 sequencing kit (Pharmacia) on both strands of DNA for
most of the sequenced regions described in this report; for the
remaining several short regions of some plasmids, overlapping
fragments of one strand were sequenced.
Computer analysis. DNA and amino acid sequence analyses

were performed by using DNASIS sequence analysis software
(Hitachi Software Engineering Co., Ltd., Kanagawa, Japan).
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FIG. 1. Restriction maps of the segments of 11 ColE2-related
plasmids containing the regions sufficient for autonomous replication
(modified from those described previously [8, 19, 32, 76, 80]). Approx-
imate positions of the known genes and sites of ColE2-P9 and
ColE3-CA38 are shown above the maps: cer-like, the region homolo-
gous to the site of ColEl plasmid for host site-specific recombination;
incA, the region specifying the antisense RNA; rep, the region speci-
fying the Rep protein; replication origin; n'-pas, the primosome
assembly site recognized by the n' protein. Dotted lines show the
segments which are not homologous to the corresponding regions of
other plasmids (76). Restriction sites: A (V), AccI; Bc, BclI; B1 (0),
BglI; B2 (A), BglII; C, ClaI; E, EcoRI; H, HincII; N (a), NspV; Ns,
NsiI; Ps, PstI; P1, PvuI; P2, PvuII; S (X), SplI; St (l), StyI; X, XhoI.
Some restriction sites are also marked with appropriate symbols as
indicated in parentheses. The BclI, NspV, NsiI, SplI, and StyI sites for
plasmids other than ColE2-P9 and ColE3-CA38 were determined in
this study. We were unable to find the unique BamHI site between the
ClaI and BglI sites of ColE6-CT14 reported previously (8).

DNA and RNA homology searches were done by using
GenBank and EMBL sequence libraries. Protein homology
searches were performed by using Protein Identification Re-
source and SWISS-PROT.

Nucleotide sequence accession numbers. The nucleotide
sequence data reported here have been deposited in the
DDBJ, EMBL, and GenBank databases under accession num-
bers D30054 to D30064 for ColE2-P9, ColE3-CA38, ColE2-
CA42, ColE2-GEI602, ColE2imm-K317, ColE4-CT9, ColE5-
099, ColE6-CT14, ColE7-K317, ColE8-J, and ColE9-J,
respectively.

RESULTS AND DISCUSSION

Relationships of 15 ColE2-related plasmids to ColE2-P9
and ColE3-CA38. We examined whether the cloned incA and
incB genes of ColE2-P9 and ColE3-CA38 (67) exclude the
coexisting ColE2-related plasmids listed in Table 1 except for
ColE2imm-K317 (data not shown). The results showed that
plasmids ColE2-K321, ColE2-GEI288, ColE2-GEI554, ColE2-
P9, ColE3-CA38, and ColE8-J belong to a single specificity
group (ColE2-P9 group) of the IncA incompatibility mediated

by an antisense RNA, RNA I (Table 1). The results also
showed that plasmids ColE2-K321, ColE2-GEI288, ColE2-
GE1554, ColE2-P9, ColE4-284, ColE4-CT9, and ColE4-K365
belong to a single specificity group (ColE2-P9 group) of the
IncB incompatibility as a result of the specific Rep protein-
origin binding and that plasmids ColE3-CA38, ColE7-K317,
and ColE8-J belong to another specificity group (ColE3-CA38
group) of the IncB incompatibility (Table 1). The results
together strongly suggest that these 10 ColE2-related plasmids
have identical mechanisms of initiation of replication and its
control. The cloned incA and incB genes of ColE2-P9 and
ColE3-CA38, however, did not exclude ColE2-CA42, ColE2-
GE1602, ColE5-099, ColE6-CT14, ColE6-Ind8, and ColE9-J.

Regions of ColE2-related plasmids sufficient for autono-
mous replication. Restriction analyses (8, 32, 76, 77) (Fig. 1)
have suggested that each of these ColE2-related plasmids
contains a region which shows a certain structural similarity to
the region of ColE2-P9 or ColE3-CA38 containing the 1.3-kb
segments sufficient for autonomous replication (19). The frag-
ment of each ColE2-related plasmid containing the corre-
sponding region ligated to the fragment containing a chloram-
phenicol resistance gene as described in Materials and
Methods results in an autonomously replicating plasmid (data
not shown). Plasmids composed of these two fragments joined
in either orientation were obtained. Fine restriction maps of
the cloned regions of the nine representative ColE2-related
plasmids (Fig. 1) further revealed structural similarities in the
replicon regions of these plasmids.

Specificities of IncA and IncB functions of ColE2-related
plasmids. We then cloned a segment of each of the nine
representative plasmids (shown in Fig. 1) corresponding to that
of ColE2-P9 or ColE3-CA38 carrying the incA or incB gene
and examined whether the cloned segments exclude these
ColE2-related plasmids (data not shown). We found four new
IncA specificity types and two new IncB specificity types (Table
1). Consequently, there are five IncA types and four IncB types
in total, and 9 combinations of them among 20 possible ones
were found. All of these results demonstrated that these
plasmids are interrelated by sharing either one or both of the
IncA and IncB specificity types, indicating that they have
identical basic mechanisms of initiation of replication and its
control.

Plasmids ColE6-CT14 and ColE6-Ind8 were revealed to be
indistinguishable and to carry the second replicons in the
additional 4-kb regions unique for these plasmids (data not
shown). The plasmid carrying only the second replicon is
present at a few copies per host chromosome and seems to be
different from any of these ColE2-related plasmids. The asym-
metry of incompatibility against ColE5-099 and ColE9-J exhib-
ited by ColE6-CT14 (11) and ColE6-Ind8 (data not shown) is
readily explained by the fact that they are composite plasmids.

Nucleotide sequences of the replicon regions of ColE2-
related plasmids. We determined the nucleotide sequences of
the replicon regions of the nine representative ColE2-related
plasmids (Fig. 2) and compared them with those of ColE2-P9
and ColE3-CA38 (80). These 11 plasmids are representatives
for the eight different types of colicin proteins and for the nine
different combinations of IncA and IncB specificity types. The
sequences are highly homologous, further supporting the view
that these plasmids have identical mechanisms of initiation of
replication and its control.
The rep genes and Rep proteins. The longest open reading

frame of each ColE2-related plasmid specifies a protein quite
similar to the Rep protein of ColE2-P9 or ColE3-CA38 (Fig.
3), strongly suggesting that these open reading frames encode
the Rep proteins of these plasmids.

CoIE2-P9

CoIE2-CA42

CoIE2-GE1602

CoIE2imm-K31 7 1

CoIE3-CA38

CoIE4-CT9

CoIE5-099

CoIE6-CT1 4

CoIE7-K31 7

CoIE8-J

CoIE9-J
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-35 -10
CoIE2-P9 GGGGGAACGATAGTATGTGGTTGGAGACAAGTTCGTGTTGGAGGCGAACA- 100
CoIE2-CA42 .G. .TA.. .AC. .G .. .G..........G .. .TC.. GGT.....A... .C.....T...............100
CoIE2-GE1602 .G. .GG. AC .G. .. .G.G.........G.. TC.. GGT.....A... .C.....T...............100
CoIE2mm-K317 .C. .TG. .. .TT...G. .. .G..........T. ..TC...GGA.....A... .C.....T...............100
CoIE3-CA38 .G. .TG... .AC...G. .. .G..........T. ..TC...GGA.....A... .C.....T...............100
CoIE4-CT9 .G..TG AC...G...A..........G...TC....GGT.....A....C.....T...............100
CoIE5-099 .G. .TA... .AC...G. .. .G.G.........G.. TC...GGT.....A... .C.....T...............100
CoIE6-CT14 .G. .TG. ....C.G. .. .G..........A...TG...TM.....G...... .....T............... 99
CoIE7-K317 .G..TG AC...G G..........G...TC...GGT.....A....C.....T.100............
CoIE8-J .G..TA AC...G...A..........G...TG...TMA.....G....C....T.100............
CoIE9-J .G..TA AC...A G..........G...GC.. GAC.....T....T.....G...............100

CoIE2-P9 CCCTATCTC~CACGCAATQCCAATCGGCCGGTCCTTf-GTGDACC;TATA~rT 198
CoIE2-CA42 .... .TG.... .-.A. TCCAG(AT... .G....T.CAA. .T. .M-.A. .GA.GGCGT.--------------TA.. .CGCATA.CCC.-- 171
CoIE2-GE1602 .TG.... .T.G. .TCT--CT. ..C...T. -GT. .C. .GAA.A. .GG.GCGAG.--------------TC.. .CG-ATA.CCT. 169
CoIE2imm-K317 .TG.... .T.G. .TCT--AT. ..C....C.T-T. .C. .MA.A. .GG.GCGAT.--------------TC.. .CG-ATA.CCT. 169
CoIE3-CA38 .GT. ...-...G. CTCTCA-. C....T.GAT..C. .MT.A. .GG.CGCCG.GTTCCGCGTTTCCCGATGGGAAAGCGC.. .TAGTTA.ACT.TG 198
CoIE4-CT9 .TG. ...-...A..TCCAGAT.. .G....T.CAA..T. .M-.A. .GA.GGCGT.--------------TA.. .CGCATA.CCC. 171
CoIE5-099 .... T.... .T.G. .TCT--CT. .C...T. -GT..C.. GAA.A. .GG.GCGAG.--------------TC.. .CG-ATA.CCT. 169
CoIE6-CT14 .TG.... .T.G. .TCT--CT. ..C....T. -GT. .C. .GAA.A. .GG.GCGAG.--------------TC.. .CG-ATA.CCT. 168
CoIE7-K317 .TG.... .-.A. .TCCAGAT. ..G....T.AA. .T. .M-.A. .GA.GGCGT.--------------TA... .CGCATA.CCC.-- 171

.CTTCA-. ..C...T.GAT. .C. .MT.A. .GG.CGCCG.GTTCCGCGTCTCCCGATGGGAMAGCGC... .TAGTTA.ACT.TG 198
CoIE9-J .... .TG.... .T.G. .CCT--CT. ..C....T. -GT..C. .AGA.T. .AG.GGCGT.--------------TG.. .CGTMC.CAC. 170

S .0 _-35
CoIE2-P9 TACC~G'A'GA'A'ATCGTATCA( GGCTCTACCTAGGAATACCCACGATTAGAGTTGGAGC; 298
CoIE2-CA42 -----~ GA -..... .G. .A.......CG....TA....GAC....T....C..TCGT. C.. .TCAC... .G.T. ...C.... .T.TT. .TC 266
CoIE2-GE1602 ------ A.G.... .G..A........CG....TA....GMA..T....C. .CCGC. .C. .TCAC. ..G.T. ...C.... .T.TT. .TC 264
CoIE~mm-K317 ------..A.G. ...G..A........CG....TA.... .GAAM.T....C. .CCGT. .C. .TCAC. ..G.T. ..C.... .T.TC. .CC 264
CoIE3-CA38 TACC. .GA.A.... .G..T........TA....CG. ... .AGG....A....G. .CAMA..G..CTGT. ..A.C. ...T .... .G.AC. .CG 298
CoIE4-CT9 -----. GA...... .G..A........CG....TA.... .GAC....T....C..CCGT. .C. .TCAC. ..G.T. ...C.... .T.TT. .TC 266
CoIE5-099 ------.A.G.... .G..A........CG....TA....GMA....T....C.. CCGT. .C. .TCAC. G.T. ...C. ... .T.TT.M.... 264
CoIE6-CT14 ------ A.G. ... .G..A.......CG....TA....GMA...T....C. .CCGT. .C. .TCAC. ..G.T. ..C. ... .T.TT. .TC 263
CoIE7-K317 -----. GA. .....G..A....... CG....TA.... CGAC....T....C. .CCGT. .C. .TCAC. ..G.T. .. C.... .T.TT. .TC 266
CoIE8-J TACC. .GA.G. .G..A.......CG....TA.... .GM...T....T. .TCGT. .C. .TCAC. ..G.T. ..C.... .T.TC. .CC 298
CoIE9-J -----. G-.G.... .C..A..,.. .CG....TA... .GMA...T....C. CCGT.. C. TCAC. G.T...C.... .T.TC. .CC 265

CoIE2-P9 GCTCGCAAAATCATTGCGTCTCGAACCGCCTCCGATG CCTGCTGCGAGGG 398

CoIE2-CA42 .C. .CTCCGGC... .GGGCGT. .GC.....GC.G.AC. .A........T....G.A. .T....GGTT....TG.T....CGA....366
CoIE2-GE1602 .C. .CTCCGGC... .GGGCGT. .GC.....GC.G.AC. C........T....G.A. .T....GGTT....CG.T....CGA....364
CoIE2imm-K317 .T. .CTCCGGC... .GGGCGC. .GC.....AC.G.AT. C........T....A.A. .T....GGTT....CG.T....CGA....364
CoIE3-CA38 .C. .TCTGCCG... AMCATT. .CA.....CC.T.TC. C........A....A.T. .A....TCCC....CG.G....GAC....398
CoE4-CT9 .C. .CTCCGGC... .GGGCGT. .GC.....GC.G.AC. .A........T....G.A. .T....GGTT....CG.T....CGA....366
CoIE5.099 .C. .CTCCGGC... .GGGCGT. .GC.....GG.G.AC. .C........T....G.A. .T....GGTT....CG.T....CGA....364
CoIE6-CT14 .C. .CTCCGGC... .GGGCGT. .GC.....GC.G.AC. .C........T....G.A. .T....GGTG....CAJT....CGA....363
CoIE7-K317 .C. .CTCCGGC... .GGGCGT. .GC.....GC.G.AC. .A........T....G.A. .T....GGTT....CG.T....CGA....366
CoIE8-J .C..CTCCGGC.. .GGGCGC. .TC.....GC.C.AC. C........A....G.A. .T.. G..GT7T....CAT....CGA....398
CoIE9-J .C..CTCCGGC... .GGGCGT. .GC.....GC.G.TC. .C........T....G.A. .T....GGTT....CG.T....CGA....365

CoIE2-P9 ATCAATCGACTGGAGCGACCGGAATTGTCCGGCCCCGAACATCACCGTAAMAAATCCCCGTAACGGGCACGCGCATCTGCTCTACGCGCTCGCCCTTCCT 498

CoIE2-CA42 TG.G. .T........T. ..CGCCCCC.CA. .G......A.A.....CGTG....TC.C. .C. .C.....C..A. .. .MTA.CG.C 466

CoIE2-GE1602 TG.G. .T........G. CGCCCCC.CG. .G......G.A.....CGTG....TC.T. .Tr. C.....T..A. .. AMCA.CG.C 464

CoIE2imm-K317 TG.T. .T........G... .CGCTCCC. CG. G......G.T.....TGTG....AC.C. .T. .C.....C..A. .. AMCA.CG.C 464

CoIE3-CA38 AT.A. .C........G. TTGTCCG.CC. G......G.A.....CCGT....GC.C. .G. .T.....C..G. .. .GCCC.TC.T 498

CoIE4-CT9 TG.G. .T........G. -GCT--C.TG. G......G.A.....TGTG....TC.T. .T. .C.....C..G. .. .MTA.CG.C 463

CoIE5.099 TG.G. .T........G. .. .CGCCCCC.CG. G......G.A.....CGTG....TC.T. .T. .C.....T..A. .. AMCA.CG.C 464

CoIE6-CT14 TG.G. .T........G. .. CGCTCCC.CG. .G......G.A.....TGTG....TC.C. .T. .C.....C..A. .. .MTA.CG.C 463

CoIE7-K317 AG.G. .T........G. CGCTCCC.CG. G......G.A.....TGTG....TC.T. .T.. ....C.C..G. .. .MTA.CG.C 466

CoIE8-J TG.G. .T...... G..CGCTCCC.CG.. G......G.A.....TGTG....TC.T. .T. .C.....C..G. .. AMTA.CG.C 498

CoIE9-J TG.G. .T........G. ..CGCACCC.CA. .C......G.T.....TGTG....AT.T. .T. .C.....T. .A... .MCA.CG.C 465

CoIE2.P9 GTGAGAACTGCGCCGGATGCATCGGMTCGGCGCTCAGATACGCTGCCGCTATTGAGCGTGCGTTGTGTGAAMACTGGGCGCGGATGTGAATTACAGCG 598

CoIE2-CA42 ......C....T. .TGCT. .T.M. .. .A..G.AA. C. .C. C. .GA.T. .AC. .G. .T.....A...GG.C. .A. .T. .A. .C.....566

CoIE2-GE1602 ......C....T. .TGCG... .T.M. .. .A..G.AG..C. .T..C.. GA.A..G G.C......G...C.G.TG.T. .A. .T. .G. .C.....564

CoIE2imm-K317 .....C....T. .TGCC. ... .T.M. ..G. .G.AA. .T..C. .A. .GG.T. .AC. .T. .C.....G....TT.T. .G. .T. .G. .C.....564

CoIE3-CA38 ......T...G..TGCA C.TC G..C.GA..C..T..C..TA.T..GC..G..T.....A....GG.C..G..T..G..T.....598
CoIE4-CT9 ......T....G. .CAGC. ... .T.M. .. .G..G.AA. .C..C. .T. .GA.T. .AC. .T. .C.....G....TT.T. .T. .T. .G. .C.....563

CoIE5-099 ......C....T. .TGCG.... T.M. .. .A..G.AG. C. .T. .C. .GA.A. .GC. .G. .C.....G....TG.T. .A. .T. .G. .C.....564

CoIE6-CT14 ......C....T. .TGCC.....T.AG. .. .G..G.AA..C. .T. .C. .GA.A. .GT. .G. .C.....G....GG.C. .G. .C. .G. .C.....563

CoIE7-K317 ......C....G. .CAGC.... T.MAA .. .G..G.AA. .C. .C. .T. .GA.T. .AC. .T. .C.....G...TT.T. .T. .T. .G. .C.....566

CoIE8-J .... C.G..G..CAGC. ... .T.M. .. .G..G.AA. .C..C. .T. .GA.T. .AC. .T. .C....G-.TT.T. .T. .T. .G. .C.....598

CoIE9.J .... C....T. .TGCG.... .T.M. ..G. .G.AG. .C. .C. .C. .GA.A. .GC. .G. .C.....G....TG.C. T. T. G. C.....565

CoIE2-P9 GCCTGATCTGCAMMATCCGTGCCACCCTGAATGGCAGGMAGTGGAATGGCGCGAGGAACCCTACACTCTCGACGMACTGGCTGATTATCTCGATTTGAG 698

CoIE2-CA42 .C....T..C....T....T...T.TG....A..TGA.....G....T....G.....T..C....AT.....T.....T.....666
CoIE2-GE1602 .A....T..C....T....T...C.TG....T..TGA.....G....C....G.....T..C.....AT.....T.....C.....664
CoIE2imm-K317 C....T..C....T. .... .T.. .C.TG.....T. .TGA....G....C....G.... .T. .C.... AT.....T.....C.....664

CoIE4-CT9 .A....T..T....T T...C.TG.....A..TGA....G....A....G....T..C AT.....T.....C.....663

CoIE3-CA38 .C....C. .C....T.... .G...C.CT.....A. .MG.. ..A....C....C.... C..T. .... .AC.....T.....C.....698

CoIE5.099 .A....T..C....T.... .T.. .C.TG.....T. TGA. .G....C....G.... T.CC.... AT.....T.....C.....664
CoIE6-CT14 .C....T..C....T....T...C.TG....T..TGA.. ..G....C....G.....T..C....AT.....A.....C.....663
CoIE7-K317 .A...T..T....T.....T...C.TG....A..TGA....G....A....G.....T..C....AT.....T.....C.....666

CoE8-J .A....T..T....T.....T C.TG....A..TGA.....G...A....G....T..C GT.....T.....C..... 698
CoIE9-J .A....T..C C....T...C.TT.....A..TGA....G....C....G....T..C AT.....T.....C.....665
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CoIE2-P9 CGCCTCAGCGCGCCGTAGCGTCGATAAAAMTTACGGGCTGGGGCGAAACTACCATCrGTTC6OA~AGTCCGTAAATGGGCCTACAGAGCCATTCGTCAG 796
CoE2-CA42 CAJ.T....C.. .C....A.....CA.....A........C.T......TGACG. .C.....T....A.G..G.J.T....766
CoE2-GE1602 CG.C. ... .C.. .C....A.....CA.....A.......G.T.C......T6ACG. .C.T....T...A.G. .G.J.T....764
CoIE~mm-K317 CG.C.... C.. .T....A.....CA.....A..... .G.C.C......TGCG. .C.....T....A.G. .G.J.T....764
CoE3-CA38 CG.C.... C.. .C.6..G.....AA.....C.......6.T.T......AGGGC. .T.T....T...C.G.J.T. .T....798
CoE4-CT9 CG.C.....C .. .C....A.....CA.....A.......G.C.C......TGACG. .C..T...T...A.G. .G. .T....763
coE5.099 CG.C.....C .. .C....A.....CA.....A........C.C......TGACG. .C.....T....A.G..6. .T....764
CoE6-CT14 CG.C....A.. .T....A.....CA.....A........C.C......TGACG. .C.T....T...A.G. .G.J.T....763
CoIE7.K317 CG.C.....C.. .C...A.....CA.....A.......G.C.C......TGACG. .C.....T....A.G..G.G.6....766
CoE8-J TG.C.... C...C....A.....CG.....A........C.C......TGACG..C.....T....A.G..6. .T....798
CoIE9-J CG.C.... C.. .T....A.....CA.....A........C.C......TTACG. .T.....T....A.G..G.J.T....765

CoIE2-P9 GGCTGGCCTGTATTCTCACMTATCTTGATGCCGTGATCCAGCGTGTCGAAATGTACAACGCATCGCTTCCCGTTCCGMTTCTCCGGCTGAATGTCGGG 896
CoIE2-CA42 . .C.....G.......C....T.C...........C.6.. .T........A..TC.T......866
CoIE2-GE1602.... T.T......A.......C....C............C.. .A. .T.T.......T.G.T.6....64
CoIE2imm-K317 .....A.C...6.........C...T............C...G. .T........A..TC.T......864
CoIE3-CA38 .....6.C......A..6.....G...T............C.. .6..C........A..TC.T......898
CoE4-CT9 .T....T......A.......C.. C............C.. .G. .T.T.......T.6.T......863
CoIE5-099 .T....T......A.......C..C.T...........T..G. .T........T..GG.G......864CoIE6-CT14 .... T.T......A.......C. .C..........T.... .6.G.T.T.......T.6.GG.G.....863
CoIE7-K317.....T.A...6.........C....T.C...........C.6...T........A. .GC.T......866
COIE8.J .... A.C...6.........C....T............C....G. .T.T......T.G.T......898
CoIE9-J .... A.C...6.........T....T............C.. .G..T.A.......A..C.T......865

CoIE2-P9 CTATTGGCAAGAGCATTGCGAAMTATACACACAGGAAATTCTCACCAGAGGGATTTTC ---------------CGCT6TACAGGCCGC 971
CoIE2-CA42.A.......T. .T.....C.G.6.....C..CA.GG.G. .A(T. .CG.ACA6TATGTGGCTGATACGCACACGCCA.AAA.A. .G. .CAA 966
CoIE2-GE1602.A.......C..A.....C.G.6.....C. .TA.GC.G. .AACT. .CG.ACAGTATGTGGCGACAACGCACACGCCG.AAA.T. .A. .TGC 964
CoIEimm-K317.A.......T. .T.....C.G.6.....C..CA.GC.G. .AACT. .CG.ACAGTAT6TGGCTGATACGCACACGCCA.A.AA.A. .6.. CM 964
CoIE3-CA38......A.. .T. .T.C....C.G.....C. .CA.6GC.G. .MACT...CG.ACAGTATG6TGGCTCATACGCACACGCCA.MAA.T. .G. .TAC 998
CoIE4-CT9.A.......C. .T.T....T.A.....A..CT.AC.A. .GG6A. .TT----------------C.CT.A..G.6..CGC 936
CoE5-099......A.. .C. .T.....C.G.6.....C. .CA.GC.G AACT...CG.ACAGTATGTGGCTGATACGCACACdCCA.MAA.T. .6G. .TGC 964
CoIE6-CT14......A.. .C. .T.....C.G.6.....C..CA.GC.G. .AC-T. .CG.ACA6TATGTGGCTGATACGCACA4CGCCA.AAA.T. .6.'.TGC 963
CoIE7-K317......G...C. .T.....C.G......C..CA.GC.G. .ACT. .CG.ACAGTATGTGGCTGATACGCACACACCA.AAA.T. .G. .TGC 966
CoIE8-J ......A.. .T. .T.C....C.G.....C..CA.GC.G. .ACT. .CG.ACAGTATGTGGCTGATACGCACACGCCA.AAA.T. .G. .TAC 998
CoIE9-J ......A.. .C. .T.C....C.G.....C..CA.GC.A. .ACT. .CG.ACAGTATGTGGCtGATACGCACACGCCA.AAA.T. .G. .TGC 965

ColE2-P9 TCGAGGTCGCAAGGCGGA------7----ACTAAATCTAACGC-------GCAGCAGTTCCTACATCAGCACGTTCGCTG6MGCCGT 1042
CoiE2-CA42 GA.A. .CA. G. .A. .T. .CATCGCTAAAGGCGAAGCCTACG.TGAC...TTTCATGGCGCTAT6TAT. CTGGAGA. .GGATATTCT.AGAAMGCTATT 1066
CoIE2-GEr*02 CC. A.. CC. T. .A. .T. .TATAGCCMAAAGGGCTGGCTATG.GG6AT...CAGCACCGCGCTGGAAAT .TTGGT6A. . GGGTTACT .MAA6AACTATA 1064
Co4E~mm-K317 GA.A. .CA.6. .A. .T. .CATCGCTMAAAGCGAAGCCTACG.TGAC...TTTCATGGCGCTATGTAT. CTGGAGA. .GGATATTCT.AGAAMGCTATT 1064
CoE3-CA38 AC.C. .TC.C. .6..C..T----------TCTA. GTCT.....C--------GCACA.TAGCTAC. .CAGCACGCA.GCTGAAAMCT 1069
GoE4-CT9 TC.A. .TC.C. .6..C. .A---r-------ACTA.ATCT...C-------CAGCA.TTCCTAC. .CAGCACGTT.GCTCAAGCCGT 1007
CoE5.099 AC.T. .TC.C. .6..C. .GAAATTGGAGGT----6CTA.GTCT...T------ GTGCT.TTGCCAC. .CTGCGCGAA.GTTCAAMCCGT 1047
CoE6-CT14 AC.T. .TC.C. .6..C. .GAAAATTGGAGGT----6CTA.GTCT...T------GG6TGCT.TTGCCAC. .CTGCGCGAA.GTTGAAMCCGT 1046
CoIE7-K317 AC.C. .TC.C. .6..C. .T----------TCTA.GTCT....C-------AGCACA.TGGCTAC. .CTGCACGCA.GCTGAAMCC6T 1037
CoE8.J AC.C. .TC.C. .6..C..T----------TCTA.GTCT...C--------CACA.TAGCTAC. .CAGCACGCA.GCTGAACMCT 1069
CoIE9-J AC.T. .TC.C. .6..C. .GAAATTGGAGGT----6CTA.GTCT...T------GG6TGCT.TTGCCAC. .CTGCGCGAA.GTTGAAMCCGT 1046

CoIE2-P9 GGAGATGGTATGGGCTCACAATAATTACCGTTGAAggACG-'O-CTTTAAiOAA 1140
CoIE2-CA42 .CGGCGATG.TG.AGGTTTCTACT.G6AACC.T. CGAA.CTGGA.. .GC.------------------.Af .. .A........1140
CoIE2-GE1602 .CTGAAATG.TA.GTGTTTCCGA&T.GCACT.T.CGAA.CTGGA... G6C--------------- A: .. .A........1138OoE2imm-K317 CG6CGCATG.TG.AGGTTTCTACT.G6AACC.T. CGAA.CTGGA... GC.--------------- .. ...A........1138
CoIE3-CA38 .GGAGAAAT.AG.GATCAGTCGCG.CTGGT.T.ACCA.CT6AAM...AC.-----AGTCTCGTAGA( JCC.A.. .A-G.. .A.........1161
CoE4-CT9 GGAGGCAT.AG. GATCA6tCGAG. GACGT. C.ACCG.AAATT....AT.TGATCCAGATCTCGCAMA GA C..G....A-G........... 1105
CoIE5.099 GG6AGACTC.TG.AATTAGCCGCG.CTGGT.T.ACCA.CTGAA .. .AC.----AGTCTT6tAGA .CC.A.. .AAM...A........1140
CoIE6-CT14 GG6AGACTC.TG.AATTAGCCGCG.CTGGT.T.ACCA.CTGAAM.. .AC.----AGGTCTTGTAGA T-A.CC.A.. .AAM...A.........1139
CoE7-K317 G6GAGGCAT.AG.GATCAGTCGCG.CTGGT.T.ACCA.CT6AA.. .AC.-----AGGTCTCGTAGAqT-A.I.CC.A....A-G.. .A........12
WE8-GGGAAT.A.GACAGCGC.CTGT..ACA.CGAA...AC -----AGTCCGTGA A..C.A...AA-...A.........11616

CoE9-J G6GAGACTC.TG.AATTAGCCGCG.CTGGT.T.ACCA.CTGAA.. .AC.----AGGTCTTGTAGA - CC.A....AA.. .A........1141

CoIE2-P9 CGCCCTTTTGGC 1152
CoIE2-CA42 ... CTTTCTGGC 1152
CoIE2-GE1602 .. .CTTTTCGGC 1150
CoIElmm-K31 7 ... CT 1143
CoIE3-CA38 .. .CCTITITGGC 1173
CoIE4-CT9 .. .CCTTTTGGC 1117
CoIE5.099 .. .TTTTTTGAG 1152
CoIE6-CT14 .. .TTTMGA6A 1151
CoIE7-K317 .. .CTTTTTGGC 1141
CoIE8*-J .. .CTTTTTGGC 1173
CoIE9-J .. .TTTTTGAG 1153

FIG. 2. Nucleotide sequences of the 1.15-kb regions sufficient for autonomous replication of the 11' ColE2-related plasmids. The complete
nucleotide sequence of ColE2-P9 (80) is shown at the top. For other plasmids, only the nucleotides different from those of ColE2-P9 are shown;
positions with identical nucleotides are shown by dots. Hyphens in the sequences' represent deletions. Position 1 in the ColE2-P9 sequence
corresponds to position 338 described previously (80). The promoters (marked as -35 and -10) for the Rep mRNA and RNA I are indicated.
The putative Shine-Dalgarno (SID) region for the Rep protein is also indicated. The initiation and termination codons for the (putative) Rep
proteins are boxed. Arrows represent major direct and inverted repeat sequences.
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MSAVLQRFREKLPHKPYCTNDFAYGVRI LPKNIAILARFIQQNQPHALYWLPFDVDRTGASIDWISDRNCPAPNITVKNPRNGHAHL LYALALPVRTAPDASASALRYAAAI ERALCEKLG 120
... A. .Y.D.N ..R. .H.D.L.F.L ..SG.GR.L ..RY QF. .V..V. .EA RK-LV V.. V.H NIA S.VK .K. .I.RS.. C

...V.R.R.K K.C.N.F.Y.V ..LP.NI.I ..RF LY. .P. .V. .TS .. RNCPA V.. R.H ALP A.AS. .R.... RI.RA...G 120

...A.Y.D.N R.H.D.L.F.L ..SG.GR.L ..RY QF. .V. .V. .EA RNAPA ... V...V.VH.. NIA S.VK. .K.... KI.RS...C 120

...A.Y.E.N ..R. .H.D.L.F.L ..SG.GR.L ..RY QF. .V. .I. .EA RNAPA V.. .V.H NIA S.VK .K. .I.RS.. C 120

...A.Y.E.N ..R. .H.D.L.F.L ..SG.GR.L ..GY QF. .V. .V. .EA RNAPA V.. .V.H NIA A.VK .K.... KI.RA.. G 120

...A.Y.E.N ..R. .H.D.L.F.L ..SG.GR.L ..RY QF. .V. .I. .EA RNAPA V.. V..H NIA A.VR .K. .I.CA.. G 120

...A.Y.E.N ..R. .H.D.L.F.L ..SG.GR.L ..RF QF. .V. .V. .EA RNAPA V.. .V.Y NIA A.VK. .K.... KI.RA.. G 120

...A.Y.D.N R.H.D.L.F.L ..SG.GR.L ..RY QF. .V. .V. .EA LNAPA I.V.H NIA A.VK .K. .I.RA.. G 120

...A.Y.E.N ..R. .H.D.L.F.L ..SG.GR.L ..RY QF. .V. .V. .EA RNAPA V.. .V.H NIA A.VK .K. .I.RA.. G 120

...A.Y.E.N ..R. .H.D.L.F.L ..SG.GR.L ..RY QF. .V. .V. .EA RNAPA ... V.. .V.H NIA A.VK. .K.... KV.RS.. C 120

ADVNYSGLICKNPCHPEWQEVEWREEPYT LDE LADYLDLSASARRSVDKNYGLGRNYH LFEKVRKWAYRAIRQGWPVFSQWL DAVIQRVEMYNASLPVPLSPAE CRAI GKSIAKYTHRK F
F.L..QVM.A...D. A.A.....H..M CH...MT .I.V. A. A.K. K.

C.P..QEV.P.. A.A...V..N..L...CY KG .I.A. A. P.K. N.

F.L..QVM.A...D.. A.A.....H..M.AHCH...MT .M. E. A. P.R. N.

F.L..QVM.A...G. A.A.....R..M.L.CHMT. I. A. A. A.K. N.

F.L..LVM.A...D. A.A...I..H..M...CH...MT. I. V. V. A.K. N.

F.L..LVM..A... A.E...I.H. .M ... CH.. MT. I. V. V. A.K. N.

F.L..QVM.A...D. A.A.....H..M CH...IT .I.A. A. P.K. N.

F.L..QVM.A...D.. T.A...I..H..M CH...MT. I.A.A. P.K. N.

F.L..LVM.A...D. A.A...I....M.AHCY...MT .I.V. A. A.K. N.

F.L..LVM.A...D.. A.A...I..H..M CH...MT. I.A.A. P.K. N.

A C B
SPEGFS--- AVQAARGRKGG------TKSKRAAVPTSARSLKPWEALGISRATYYRKLKCDPDLAK

SP.G.S---------AV..A......------TKS ..AAVPTSARSLKPWEALGISRATYYRKLKCDPDLAK
TP.T .AQYVADTHTPEI........------SKS .. GTVATSARTLKPWEKLGISRAWYYQLKKR--GLVE

TP.T.AQYVADTHTPEI..A......------SKS .. STVATSARTLKPWEALGISRAWYYQLKKR--GLVE
TP.T.AQYVADTHTPEI..T......------SKS ..GTVATSARTLKPWEKLGISRAWYYQLKKR--GLVE

TP.T .AQYVADTHTPEI..........--KIGGAKS .. GAVATSARTLKPWETLGISRAWYYQLKKR--GLVE

TP.T.AQYVADTHTPEI..........--KIGGAKS ..GAVATSARTLKPWETLGISRAWYYQLKKR--GLVE

TP.T.AQYVADTHTPEI..........--KIGGAKS ..GAVATSARTLKPWETLGISRAWYYQLKKR--GLVE

TA.T.AQYVADTHTPEI........K IAKGEAYDD.. FMALCMLENGYSQKAIAAMLEVSTRTIRNWKSGK
TP.T.AQYVATTHTPEI........IAKGAGYED .. STALEMLVNGCTQKAIAEMLGVSDRTIRNWKSGK
TP.T.AQYVADTHTPEI.. .......IAKGEAYDD .. FMALCMLENGYSQKAIAAMLEVSTRTIRNWKSGK

240
239

240
240
240
240
240
240
240
240
240

297
296

304
304
304
308
308
308

311
311
311

FIG. 3. The amino acid sequences of the (putative) Rep proteins of the 11 ColE2-related plasmids. The complete amino acid sequence of
ColE2-P9 Rep protein (23, 80) is indicated at the top. For other plasmids, only amino acids different from those of ColE2-P9 Rep protein are

indicated; positions with identical amino acids are shown by dots. Hyphens in the sequences represent deletions. Plasmids are grouped according
to the IncB specificity types. The regions containing group-specific insertions of amino acid sequences are indicated as A, B, and C.

The amino acid sequences of the N-terminal regions of the
(putative) Rep proteins (positions 1 to around 180; Fig. 3) may
be divided into two groups: one with ColE2-P9 and ColE3-
CA38 and the other with the remaining plasmids. Amino acid
sequences of the adjacent regions (around positions 180 to
240) are highly conserved among all of these plasmids. Many of
the amino acid substitutions among them are conservative.
These results suggest that the two adjacent regions may be
involved in the primase activity presumably common to all of
these Rep proteins.
On the other hand, the remaining C-terminal regions are

almost identical in plasmids of the same IncB specificity groups
but are considerably different among plasmids of different
IncB specificity groups. Plasmids of ColE2-CA42, ColE3-
CA38, and ColE5-099 groups possess an insertion of a stretch
of nine amino acids (insertion A in Fig. 3), plasmids of the
ColE2-P9 group possess an insertion of two amino acids
(insertion B), and plasmids of the ColE5-099 group also
possess an insertion of a stretch of four amino acids (insertion
C). For plasmids of the ColE2-CA42 group, a portion of the
C-terminal region (position 270 to the terminus) is quite
different from those of plasmids of other IncB specificity
groups. Thus, the C-terminal regions seem to play an impor-
tant role in plasmid-specific interaction of the Rep protein with
the origin.
There are two amino acid sequences which show some

homologies to the sequence-specific DNA-binding domains
(helix-turn-helix motif): one in the region around the site of
insertion C (starting at position 249 of ColE2-P9 Rep protein),
which is homologous to E. coli LexA (30) and bacteriophage
immunity repressors, including P22 c protein (45) as described
previously (23) (Fig. 3), and the other in the region to the left

of the position of insertion B in plasmids of ColE2-P9,
ColE3-CA38, and ColE5-099 types, which is homologous to
the putative sequence-specific DNA-binding domains (42) of
Klebsiella pneumoniae NtrC (16) and Rhizobium leguminosa-
rum DctD (52) proteins (Fig. 4). These sequence features
might suggest that the C-terminal regions of the Rep proteins
contain the plasmid-specific DNA-binding domains.
The consensus amino acid sequence motif (EGYhD; h for

hydrophobic aliphatic amino acid residues) for prokaryotic
DNA primases (46) is not found in the (putative) Rep proteins.
Computer-assisted searches revealed no significant homologies
with the Rep proteins of other plasmids, including IncFII,
ColIb, pSC101, F, and P1, or with the primases, including E.
coli DnaG protein, T7 gene 4 protein, T4 gene 61 protein, and
Saccharomyces cerevisiae PRI1 protein. We found, however,

Rep CoIE2-P9 271 SLYjPWEALGISc R

Rep CoIE3-CA38 280 TLKPWEKdLGIS RAW QLK
CoIE5-099

DctD R. leguminosarum 416 VRXR-T I AhLGIPT F'DL

NtrC K pneumoniae 445 KQEAAR4JGTLTR
FIG. 4. Portions of the (putative) Rep proteins of ColE2-related

plasmids showing homology to the DNA-binding domains (helix-turn-
helix motif) of R. leguminosarum DctD (52) and K pneumoniae NtrC
proteins (16). Numbers to the left of the sequences are position
numbers of amino acids at the left ends. Identical amino acids present
in at least three of the four proteins are boxed, and equivalent amino
acids are boxed with broken lines.

ColE2-P9
CoE4-CT9
CoE3-CA38
CoIE7-K31 7
ColE8-J
CoIE5-099
ColE6-CT14
CoIE9-J
CoIE2-CA42
CoIE2-GE1602
CoIE2imm-K31 7

CoIE2-P9
CoIE4-CT9
CoIE3-CA38
CoIE7-K31 7
CoIE8-J
CoIE5-099
CoIE6-CT14
CoIE9-J
CoIE2-CA42
CoIE2-GE1602
CoIE2imm-K31 7

CoIE2-P9
CoIE4-CT9
CoIE3-CA38
CoIE7-K31 7
CoIE8-J
CoIE5-099
CdE6-CT14
ColE9-J
CoIE2-CA42
CoIE2-GE1602
CoIE2imm-K31 7
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CoIE2-P9
CoIE3-CA38
CoIE5-099
CoIE2-CA42

y a _
TGAGACCAGATAA-GCCT-TATCAGATAACAGCGCC
T-AGACCAAATAA-GCCTATATCAGATAACAGCGCC
T-AGACCAAATAAAACCTATATCAGATAACAGCGCT
---GA--AAATA--GCCTATATCAGATAACAGCGCC

FIG. 5. Nucleotide sequences of the (putative) origins of plasmids
of the four IncB specificity groups. The thick arrow indicates the
primer RNA (ppApGpA) and direction of replication in ColE2-P9
(68). Thin arrows indicate major direct repeat sequences. Positions of
group-specific insertions or deletions of single nucleotides are indi-
cated as a, A, and y.

significant homologies between the Rep proteins of the ColE2-
related plasmids and the proteins specified by potential open

reading frames near the putative origin regions of plasmids
pAL5000 (29, 50, 51) and pJD1 (26), with about 30% identical
amino acids through almost the entire regions of these pro-

teins. We were, however, unable to find any sequence homol-
ogy between the putative origin regions of these plasmids and
the origins of ColE2-P9 and ColE3-CA38.
The incB/origin regions. The regions of these ColE2-related

plasmids just next to the putative Rep coding regions are quite
homologous to the origin regions of ColE2-P9 and ColE3-
CA38 (Fig. 5). In particular, the nucleotide sequences of the
right-half portions, where the primer RNA is synthesized, the
leading-strand DNA synthesis starts, and the lagging-strand
DNA synthesis terminates in ColE2-P9, are identical (68).
Thus, it is strongly suggested that these regions are the origins
of replication.
The nucleotide sequences of the left-half regions of the

(putative) origin regions in plasmids of the same IncB speci-
ficity groups are identical, but those in plasmids of different
IncB specificity groups are different. In ColE2-P9 and ColE3-
CA38, a deletion or insertion of an A- T base pair in the
middle (site a in Fig. 5) determines the specificity of interac-
tion of the Rep proteins and the origins required for initiation
of DNA replication (80). The origins of these two plasmids
also differ by an insertion or deletion of a G * C base pair at the
left end (site 1). Combinations of the sites a and 1B from the
same plasmids is important for the normal efficiency of inter-
action of the Rep proteins and the origins (19a). The origins of
plasmids of the ColE3-CA38 and ColE5-099 groups differ only
by a deletion or insertion of an A * T base pair and an adjacent
G-to-A substitution (site My). Thus, combinations of sites a, A,
and -y seem to determine the specificity among plasmids of
these three groups. The single base pair insertion or deletion at
each of sites a, A, and y in the origins apparently corresponds
to the presence or absence of each of the amino acid se-

quences, insertions A, B, and C, respectively, in the Rep
proteins. The left-half regions of the origins of plasmids of the
ColE2-CA42 IncB specificity group are considerably different
from those of other plasmids, which apparently corresponds to
the differences in the amino acid sequences in the C-terminal
regions of the Rep proteins. Such a correspondence might be
the basis for determination of the specificity of the Rep
protein-origin binding.
Two direct repeat sequences of 9 bp (5'-APyCAPuATAA-

3') in the origin regions are conserved among plasmids of the
ColE2-P9, ColE3-CA38, and ColE5-099 IncB specificity
groups, which are separated from each other by 5, 6, and 7 bp,
respectively. The sequence might be the recognition and
binding sequence for the Rep proteins. In plasmids of the
ColE2-CA42 IncB specificity group, the sequence on the right

side is identical to those of the other plasmids, while the
sequence on the left side is considerably different.
The incA regions. The promoter sequences (the -35 and

-10 regions) for the Rep mRNA and RNA I of ColE2-P9 and
ColE3-CA38 are conserved in all the other plasmids (Fig. 2).
The long inverted repeat sequences with an A stretch which
specify the termination signal for transcription of RNA I are
also structurally conserved. All of these features strongly
suggest that small RNAs complementary to the 5' untranslated
regions of the Rep mRNAs are specified in these regions and
that they are the incA gene products, regulating the expression
of the rep genes, as shown for ColE2-P9 (62, 70, 81).

Stem-and-loop structures of antisense RNAs. The long
stem-loop structure (structure I') of RNA I which has been
shown to be important for regulation of the rep gene expres-
sion in ColE2-P9 (62, 70) is structurally conserved in putative
RNA I molecules of plasmids of the other four IncA specificity
groups, whereas the shorter stem-loop structure (structure II')
is missing (Fig. 6). This might suggest that structures II' are not
essential for the regulation of expression of the rep gene.
The nine-nucleotide sequences (5'-UCUUGGCGG-3')

around the loop regions are conserved in all of the sequenced
ColE2-related plasmids of the different IncA specificity groups
except for plasmids of the ColE2-CA42 IncA specificity group,
which contains a single base substitution (Fig. 6). For plasmids
of the ColE5-099 and ColE9-J IncA specificity groups, the
22-nucleotide regions in and around the loop regions are
identical, and for plasmids of the ColE2imm-K317 and ColE5-
099 IncA specificity groups, the 18-nucleotide regions at the 5'
ends are identical. Nevertheless, supply of excess RNA I from
the cloned incA regions did not raise the copy numbers of
plasmids of the different IncA specificity types (data not
shown), suggesting that the interaction of heterologous RNA I
with the Rep mRNA, which could interfere with the homolo-
gous RNA I-Rep mRNA interaction, did not occur (71). A
bulge loop and/or an interior loop is located in the stem region
close to the loop portion. Such a structure might be required
for a proper presentation of the loop sequences involved in the
initial interaction of the two RNAs (18, 47), or instability of the
stem might be required for its melting to provide additional
nucleotides for pairing between the two RNAs after initial
interaction at the loop tops (58). For ColE2-P9, some single
base pair substitutions predicted to cause stabilization as well
as those predicted to cause destabilization of the stem struc-
ture next to the loop portion of structure I' drastically de-
creased the efficiency of RNA-RNA interaction (62) and the
efficiency of inhibition of the rep gene expression by RNA I
(70).
Many of the prokaryotic RNAs which are known or sug-

gested to be antisense RNAs and/or their target RNAs have
nucleotide sequences at the loop regions of the stem-loop
structures similar to those of ColE2-related plasmids (Table 2).
In particular, many of the antisense RNAs or their targets
involved in regulation of replication of plasmids possess the
sequence 5'-UUGGCG(G)-3' or its complementary sequence
at the loop regions. The initial interaction of the antisense
RNAs and the target RNAs of all of these plasmids probably
occurs between the identical complementary sequences, sug-
gesting not only a common mechanism but also an evolution-
ary significance of the particular nucleotide sequences in
RNA-RNA interaction.
A possible mechanism of inhibition of rep gene expression

by antisense RNAs. The 5'-end portion of putative RNA I of
each of these ColE2-related plasmids does not cover the
putative initiation codon of the Rep mRNA and a 15-nucle-
otide region upstream of the initiation codon (Fig. 2). This
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FIG. 6. Secondary structures of (putative) RNA I molecules of
plasmids of the five IncA specificity types predicted by a method
described elsewhere (73). The conserved sequences around the loop
portions are shown by outlined letters, and the single nucleotide
substitution in the loop portion of ColE2-CA42 type is shown by a
boldface letter.

TABLE 2. Comparison of nucleotide sequences around the loop
portions of the stem-loop structures of various antisense RNA

molecules or their target RNA molecules

RNA Loop sequencea Reference(s)
RNA I (ColE2 relatedb) UUGGCGG 80, this studyinc RNA target (IncIc) UUGGCGg 1, 41, 48
RNA I (ColE2-CA42 type) UUGCCGg This study
oop RNA (bacteriophafe X) UUGCCGc 27
Antisense RNA (pJD1) UUGGCGu 26
inc RNA target (IncF) UUGGCGa 13, 34, 53, 54, 78
RNA I target (CloDF13) UUGGGGA 61
RNA I (CloDF13) UUCCCCA 61
RNA-OUT (TnlO) UUCGCGa 6
RNA I target (CloDF13) UUCGCAG 61
RNA I target (RSF1030) uUGGAGG 59
Countertranscript RNA (pC221) UUGGUCG 49
RNA I target (pl5A) UUGCAGg 57
RNA I (R1162) UUGCAgg 24
Countertranscript RNA pC223 UUGGCUA 49
sar RNA target (P22) UUGGAGa 33
RNA I (pT181) UUGGUCA 28
RNA I target (ColEl) uUCAGCA 44
RNA I (ColE1) UUGGUAG 44
FinP RNA target (IncF) UUGUGAG 15

a Bases shown in lowercase letters are revealed or predicted to be in the stem
regions.

b ColE2-related plasmids other than those of ColE2-CA42 type.
c Various plasmids of IncI group and close relatives.
d From the nucleotide sequence (26), we propose that expression of the

putative protein of pJD1 with some homology to ColE2-P9 Rep protein might be
regulated by an antisense RNA, which is complementary to the 5' portion of the
mRNA containing the initiation codon and the Shine-Dalgarno region.

e Various plasmids of IncF group and close relatives.

the rep gene is insensitive. Further analyses of these two
plasmids and comparison with the others might help elucidate
the mechanism of inhibition of the rep gene expression byRNA I. Although the putative negative regulation of the rep
gene expression by RNA I is apparently not effective, the copy
numbers of these plasmids are still maintained at constant
levels comparable to those of other plasmids (data not shown).
Thus, there must be another mechanism for the copy number
control of these plasmids.
The cer-like site-specific recombination sites. The cer-like

sites of ColE2-P9 and ColE3-CA38 are well conserved among
other ColE2-related plasmids (Fig. 2 and 7). The segments of
these plasmids containing the putative cer-like sites are in-
volved in stable maintenance of these plasmids by host cells

might suggest that inhibition of expression of the Rep protein
by antisense RNA in these plasmids is not direct physical
obstruction of the ribosome binding to the Shine-Dalgarno
region and the initiation codon by double-stranded RNA.
Thus, sequestration of additional sequence elements required
for translation other than the initiation codon and Shine-
Dalgarno region (37, 60) or disruption of secondary or tertiary
structures required for translation (1, 2) as proposed for
ColE2-P9 (81) might be also the mechanism of the inhibitory
action of antisense RNAs in the other plasmids.
IncA function of CoIE8-J and CoIE2imm-K317. The incom-

patibility test with CoIE8-J suggested that putative RNA I is
active as an inhibitor but that the expression of the putative rep
gene is only weakly sensitive to the action of RNA I (Table 1).
Plasmid ColE2imm-K317 is only slowly excluded from the host
bacteria by the cloned incA gene of its own (Table 1). We do
not yet know whether RNA I is inactive or the expression of

CoIE1
CoIE2-P9
CoIE2-CA42
CoIE2-GE1602
CoIE~imm-K31 7
CoIE3-CA38
CoIE4-CT9
CoIE5-099
CoIE6-CT1 4
CoIE7-K31 7
CoIE8-J
CoIE9-J
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GGTGCGTACAA
GGGGCGTACAA
GGTACGTACAA
GGGGCGTACAA
GGTGCGTTTAA
GGTGCGTACAA
GGTGCGTACAA
GGTACGTACAA
GGTGCGTACAA
GGTGCGTACAA
GGTACGTACAA
GGTACGTACAA

Overlap Right arm
TTAAGGGA TTATGGTAAAT
--CGGGAG TTATGGTAAAT
--CGGGAG TTATGGTAAAT
--CGGGCG TTATGGTAAAT
--CGGGAG TTATGGTAAAT
--CGGGAG TTATGGTAAAT
--CGGGAA TTATGGTAAAT
--CGGGAG TTATGGTAAAT
--CGGGAG TTATGGTAAAT
--CGGGAG TTATGGTAAAT
--CGGGAA TTATGGTAAAT
--CAGGAG TIATGGTAAAT

cc
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG

FIG. 7. Nucleotide sequences of the putative cer-like site-specific
recombination sites of the 11 ColE2-related plasmids. The core regions
with the left and right arms (boxed) flanking the 6-bp overlap region as
proposed previously (3) are shown. The core region of the ColEl cer
site is shown at the top. The left ends of the nucleotide sequences of
ColE2-related plasmids correspond to positions 1 of those in Fig. 2.
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and in resolution of plasmid multimers to monomers (22a, 80).
For the cer-like sites of other systems, the core regions
consisting of the right and left arms and the central overlap,
where the host site-specific recombinase, XerC, acts, have been
proposed (3, 10) (Fig. 7). The nucleotide sequence of the right
arm in ColEl plasmid is perfectly conserved in sequences of
the ColE2-related plasmids and the putative left arms are
similar to each other and to that of ColEl plasmid, suggesting
that XerC also acts on the cer-like sites of ColE2-related
plasmids. The overlaps are almost identical among these
ColE2-related plasmids except for single base pair substitu-
tions in ColE4-CT9, ColE8-J, and ColE9-J but are different
from those of other plasmids and E. coli. The XerC recombi-
nase is of X integrase type (3), and it has been shown that the
recombinase of this type acts only on sites with a common
overlap region (40). The 200-bp region next to the cer-like site
with T and A clusters and the ArgR-binding site (along with
the host ArgR protein as an accessory factor) are required for
resolution selectivity (multimers to monomers) of the site-
specific recombination at the cer-like sites in ColEl-like plas-
mids (63, 65). The 200-bp regions of ColE2-P9 and ColE3-
CA38 (80) and several other ColE2-related plasmids (data not
shown) to the left of the cer-like sites show similar character-
istics. These regions of ColE2-related plasmids and the ArgR
protein are also required for resolution selectivity (22a). All of
these features strongly suggest that the same host site-specific
recombination system is involved in stable maintenance of
plasmids by host bacteria through resolution of multimers to
monomers at the cer-like sites of these plasmids, just as in
ColEl-like plasmids.

Evolution of ColE2-related replicons. All of these ColE2-
related plasmids seem to have been derived from a common
ancestor. We identified five IncA specificity groups and four
IncB specificity groups among them (Table 1). Nine combina-
tions (among 20 possible combinations) of the IncA and IncB
specificity types were found among these plasmids, which could
be the consequences of independent changes in the IncA and
IncB specificity types. There could be, however, an alternative
possibility.
On the basis of the pattern of distributions of the nucleotide

sequence homology, the minimal replicon regions may be
roughly divided into four subsegments (Fig. 8). Subsegments 1
(around positions 100 to 210 of ColE2-P9 in Fig. 2) containing
the incA genes encoding (putative) RNA I molecules may be
divided into five types, which exactly correspond to the five
IncA specificity types. Subsegments 2 (around positions 210 to
770) containing the N-terminal portions of the (putative) Rep
coding regions may be divided into two types. Subsegments 3
(around positions 770 to 940) containing the middle portions
of the Rep coding regions are the most conserved. Subseg-
ments 4 (around positions 940 to 1150) containing the C-
terminal regions of the Rep coding regions and the (putative)
origin regions may be divided into four types, which exactly
correspond to the four IncB specificity types. Nine combina-
tions of subsegments 1 and 4 are noted among these plasmids,
which exactly correspond to the nine combinations of the IncA
and IncB specificity types. Thus, we can see extensive mosaic
structures in the replicon regions of these plasmids with abrupt
transitions from homologous to nonhomologous regions or
vice versa (Fig. 8). The mosaic structures might be seen in the
entire genomes of these plasmids, as the patterns of combina-
tions of the Inc specificity types in the replicon regions are
apparently not linked to the species (ColE2 to E9) and types
(DNase or RNase) of colicin proteins encoded by these
plasmids (Table 1).
Somewhat similar structural organizations with alternating

incA rep ori/incB
CoIE2-P9

CoIE2-CA42

CoIE2-GE1602

CoIE2imm-K317

CoIE3-CA38

CoIE4-CT9

CoIE5-099

CoIE6-CT14

CoIE7-K317
CoIE8-J

CoIE9-J
2 3 4

FIG. 8. Mosaic structures of the 11 ColE2-related replicons. The
minimal replicon regions are divided into four segments according to
the differences in distribution of sequence homology. For each seg-
ment, portions marked by the same pattern are almost identical in
sequence and those marked by different patterns significantly differ
from each other. Genes and sites identified in the minimal ColE2-P9
replicon are shown at the top.

homologous and nonhomologous segments have been found in
the replicon regions of several ColEl-type plasmids (57, 82)
and of a few plasmids of IncF and IncI groups (34, 48, 53, 54)
and in the entire genomes of several lambdoid phages (see
reference 5 for a review) and of several staphylococcal plas-
mids (49). It seems unlikely that all structures in each case have
emerged only sequentially and/or divergently from a single
ancestral structure as a result of accumulation of mutations. It
has been postulated that some of these structures arose by
exchanging functional parts of the genomes through homolo-
gous recombination and/or site-specific recombination. For
ColE2-related plasmids, a similar mechanism seems to have
contributed to the creation of new combinations of the IncA
and IncB specificity types.
The chance of coexistence of two different ColE2-related

plasmids in one bacterial cell in nature must be very low
because of the rarity of close contact of two bacteria carrying
different ColE2-related plasmids and because the resident
plasmids exclude the entry of incoming plasmids. A homolo-
gous recombination event between two plasmids resulting in
formation of a heterodimeric (composite) plasmid may also be
rare in wild-type bacteria. Nevertheless, if these conditions are
ever fulfilled, the second homologous recombination or the
site-specific recombination at the cer-like sites should readily
resolve the heterodimeric plasmid to produce the progeny
recombinant plasmids. If these recombination events were to
take place at appropriate positions, the progeny recombinant
plasmids could be viable and carry new combinations of the
IncA and IncB specificity types.
ColE2imm-K317 and ColE7-K317 (35, 75) and ColE8-J and

ColE9-J (12), respectively, were originally carried by the same
E. coli strains. We found that ColE6-CT14 (and also ColE6-
Ind8) is a natural composite plasmid consisting of a ColE2-
related replicon and another replicon. Natural composite
plasmids were often found in many drug resistance plasmids,
such as those of IncF groups (13). ColE3-CA38 and ColE6-
CT14 carry additional immunity genes against the colicin E8
protein (7, 32). ColE9-J carries the imm gene and hic gene of
ColE5-099 in addition to its own genes (8, 14), and a remnant
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of a transposon-like element was found at the junction in
ColE9-J (31). These might be examples of remnants or inter-
mediary states during evolution. These ColE2-related plasmids
may give us a system suitable for attempts, via in vitro
evolution, to create new combinations of the IncA and IncB
specificity types.
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