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We sequenced the minimum REPI replication region and the incompatibility determinants of pColV-K30.
The minimum replication region contains an open reading frame which corresponds to a 35-kilodalton (kDa)
protein. Sodium dodecyl sulfate-polyacrylamide gel electrophoretic analysis with maxicells transformed with a
number of deletion derivatives demonstrated that this replication region encodes a 39-kDa protein and also
established the direction of transcription of the Repl protein gene. The 39-kDa polypeptide was identified as the
trans-acting factor essential for replication of REPI-containing plasmids. A translated region of the nucleotide
sequence of the Repl protein gene showed homology with the helix-turn-helix binding domains of a number of
DNA-binding proteins and also with other plasmid replication proteins. Further nucleotide analysis of the
REPI region revealed the presence of direct and inverted repeat sequences in the incE, incF, and ori regions.
The REPI ori also contained a perfect DnaA-binding site in addition to a high frequency of occurrence of the

DNA adenine methylation (dam) site 5’GATC3’.

Plasmid pColV-K30 encodes the very efficient aerobactin
iron assimilation system (51). The aerobactin genes are
flanked by two copies of the insertion sequence IS/ and two
distinct replication regions, REPI and REPII (31). Recent
analysis demonstrated the conservation of genes encoding
the aerobactin iron transport system, together with the
upstream REPI replication region, in 11 ColV plasmids for
which pColV-K30 is the prototype (50). The conserved
aerobactin-REPI sequences are thought to be part of a
virulence factor replication unit which might facilitate the
preservation and epidemiological spread of the aerobactin
iron transport system in bacteria.

Plasmid pColV-K30 belongs to the IncFI incompatibility
group (4), whose main representative is plasmid F. F con-
tains two complete replication regions: RepFIA, present in
the 10-kilobase (kb) EcoRI fragment f5 (25), and RepFIB,
located in the 7.6-kb EcoRI fragment f7 (22). RepFIA is
homologous to REPII (31), and RepFIB is homologous to
REPI (32). Bergquist et al. reported that the RepFIB region
was conserved among members of the IncFI group to a
greater extent than the RepFIA sequences (4, S5). The
RepFIB-like replication regions present in f7 and in plasmid
P307 have been characterized. In f7, the minimum replica-
tion region and the incE sequences, claimed to be responsi-
ble for the IncFI incompatibility functions of these plasmids,
were located in a DNA fragment of about 2.2 kb (14). In
P307, the replication sequences mapped within the 4.3-kb
EcoRI fragment E11 (33). Both replication regions showed a
high degree of homology with a 2.2-kb fragment containing
the REPI replication region and the associated incompatibil-
ity sequences (32).

A more detailed analysis of the REPI replication region
confirmed that a DNA fragment of about 1.8 kb contains the
entire replicon. Analysis of the replication products indi-
cated that REPI encodes a trans-acting factor essential for
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the replication of REPI-containing plasmids. REPI also
possesses two distinct incompatibility sequences, incE and
the novel incompatibility region incF. REPI-par sequences
mapped to a DNA fragment located 20 kb downstream of the
aerobactin iron transport system of pColV-K30 (32).

In this work, we present the complete nucleotide sequence
of the minimum REPI and incompatibility regions incE and
incF. We identified a polypeptide of 39 kilodaltons (kDa) as
the trans-acting factor essential for replication of REPI
plasmids. A translated region oftthe nucleotide sequence of
this protein gene shows homology with the helix-turn-helix
binding domains of a number of DN A-binding prateins and
with other plasmid replication proteins. Further nucleotide
analysis of the REPI region revealed the presence of direct
and inverted repeat sequences in the incE, incF, and ori
regions which might be involved in the replication mecha-
nisms of REPI-containing plasmids.

(These findings were previously presented in part [A. E.
Gammie, J. F. Perez-Casal, D. H. Farrell, and J. H. Crosa,
Absir. Annu. Meet. Am. Soc. Microbiol. 1988, H-117, p.
164].)

MATERIALS AND METHODS

Bacterial strains. The Escherichia coli strains used in this
study were HB101 (F~ hsdS20 recAl3 ara-14 proA2 lacYl1
galK2 rpsL20 xyl-5 mtl-1 supE44 [7]), C2110 (polAl rha his
[23]), IM107 (lac pro thi gyrA96 endAl hsdR17 relAl supF44
F' traD36 proAB lacI* Z AM15 [38]), and BN660 (F~ thr-1
leuB6 proA2 lon-22 his4 thi-1 ara-14 lacYI galK2 xyl-5 mtl-1
rpsL31 tsx-33 recA srl-300::Tnl0 [34]).

Molecular cloning experiments. Purification of plasmid
DNA was performed as described previously (32). Restric-
tion endonucleases were used as recommended by the
supplier (Bethesda Research Laboratories, Inc., Gaithers-
burg, Md.). All of the clones used in the maxicell analysis
were described previously (32). Cloning of the REPI frag-
ments for sequencing was performed by insertion into the
M13mp18 and M13mp19 bacteriophage systems described
by Vieira and Messing (47).
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nad_sit * * *
5' GGAATGA nrccm&uccssmccciuccncr ciuccum;rcm
3' CCTTACT TAGGCCTCCGGRCIAGGTCATITG AGTT
» " *
BamHI

* *
61  CAA uccnnﬁmcccnr CGCTGCAAACCTTGTCACTCATGGGCCGGGACC
GT Y T GCGACGTTTGGAACAGTGAGTACCCGGCCCTGG

r

*

.
121 ACGATCACRATA. c'rGrcccucﬂgzwﬁlmcmrucuccr TGRTAAGCTGTA
T GACACCGTACAAIIGA A GACAT

*

-35 -10

181 TTCAGT: CCATATACTGAAGTAAGTT. TGA%TAMCTATGGTCAGTAECCAGACT
BA! G ATGACTIICATT! ACT TTGATACCAGTCA. GGTCTGA

s
241 CAGTTGTTAAATACAGGCTGCAGGTTTTTCTTCAGTCAGTTAGCGGAGTTCTGACACACG
GTCAACAATTTATGTCCGACGTCCAAAAAGAAGTCAGTCAATCGCCTCAAGACTGTGTGC

-10
301 ATTTTCTGTTTATTCTTTTACTGTCCACAGGCT TTTCTGGAAAACGAAAATTCA
TAAAAGACAAATAAGAAAATGACAGGTGTCCGACCTCCGAAAGACCTTTTGCTTTTAAGT

361 GACATCAAAAAACTGTTCGGCGAGGTGGATAAGTCCTCCGGTGAGCTGGTGACACTGACA
CTGTAGTTTTTTGACAAGCCGCTCCACCTATTCAGGAGGCCACTCGACCACTGTGACTGT

.D. M R L G V F V P 8
421 CCAAACAATAACAACACCGTACAACCTGTGGCGCTGATGCGTCTGGGCGTTTTTGTACCG
GGTTTGTTATTGTTGTGGCATGTTGGACACCGCGACTACGCAGACCCGCAAAAACATGGC

T L K S L K N S K K N T L R T D A T E 28
481 ACCCTTAAATCACTGAAGAACAGTAAAAAAAATACACTGTCACGTACTGATGCCACGGAA
TGGGAATTTAGTGACTTCTTGTCATTTTTTTTATGTGACAGTGCATGACTACGGTGCCTT

E L T R L S L A F D K V E I T G 48
541 GAGCTGACACGTCTTTCCCTGGCCCGTGCTGAGGGATTCGATAAGGTTGAGATCACCGGC
CTCGACTGTGCAGAAAGGGACCGGGCACGACTCCCTAAGCTATTCCAACTCTAGTGGCCG

P R L D M D NDF KT WV G I I H S F A 68
601 CCCCGCCTGGATATGGATAATGATTTCAAGACCTGGGTGGGGATCATTCATTCCTTTGCC
GGGGCGGACCTATACCTATTACTAAAGTTCTGGACCCACCCCTAGTAAGTAAGGAAACGG

R H NV I G D K V E L P F V E F A K L C 88
661 CGCCATAACGTGATTGGTGACAAAGTTGAACTGCCTTTTGTTGAGTTTGCAAAACTGTGT
GCGGTATTGCACTAACCACTGTTTCAACTTGACGGAAAACAACTCAAACGTTTTGACACA

G I P S R R L R E R I S P S L K 108
721 GGTATACCTTCAAGCCAGTCATCCCGCAGGCTGCGTGAGCGCATCAGCCCTTCCCTGAAG
CCATATGGAAGTTCGGTCAGTAGGGCGTCCGACGCACTCGCGTAGTCGGGAAGGGACTTC

R I A G T V I S F R T D E K H T R E Y 128
781 CGCATTGCCGGTACCGTGATTTCGTTTTCCCGTACCGATGAGAAGCACACCCGGGAATAT
GCGTAACGGCCATGGCACTAAAGCAAAAGGGCATGGCTACTCTTCGTGTGGGCCCTTATA

I T H L V Q S A Y Y DTEURUDTIV QL Q 148
841 ATCACCCATCTGGTACAGTCAGCTTACTACGATACTGAGCGGGATATTGTGCAGTTACAG
TAGTGGGTAGACCATGTCAGTCGAATGATGCTATGACTCGCCCTATAACACGTCAATGTC
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A D P R L F E L Y vV L L Q L K 168
901 GCCGATCCCCGCCTGTTTGAACTGTACCAGTTTGACAGAAAAGTCCTTCTCCAGCTTAAG
CGGCTAGGGGCGGACAAACTTGACATGGTCAAACTGTCTTTTCAGGAAGAGGTCGAATTC

A I N A L K R R E S A Q AL Y T F I E S 188
961 GCGATTAATGCCCTGAAGCGACGGGAGTCCGCCCAGGCACTCTACACCTTTATAGAGAGC
CGCTAATTACGGGACTTCGCTGCCCTCAGGCGGGTCCGTGAGATGTGGAAATATCTCTCG

BamHI ECORV
L P R D P A P I S L A RULRARTILNL K 208
1021 CTGCCCCGGGATCCGGCACCGATATCGCTGGCGCGGCTGCGTGCACGCCTCAATCTGAAG
GACGGGGCCCTAGGCCGTGGCTATAGCGACCGCGCCGACGCACGTGCGGAGTTAGACTTC

S P V F § N Q T V R R A ME QL R E T 228
1081 TCTCCTGTATTTTCCCAGAACCAGACGGTCAGACGGGCAATGGAGCAGTTGCGCGAGATT
AGAGGACATAAAAGGGTCTTGGTCTGCCAGTCTGCCCGTTACCTCGTCAACGCGCTCTAA

G Y L D Y T E I Q R G R T K F F C I H Y 248
1141 GGATATCTTGATTACACGGAGATCCAGCGGGGGCGGACAAAATTCTTCTGTATTCACTAC
CCTATAGAACTAATGTGCCTCTAGGTCGCCCCCGCCTGTTTTAAGAAGACATAAGTGATG

R R P R L K A P ND E S K E N P L Q P S 268
1201 CGGCGTCCCCGGTTAAAAGCGCCGAATGACGAGAGTAAGGAAAATCCGTTGCAACCTTCA
GCCGCAGGGGCCAATTTTCGCGGCTTACTGCTCTCATTCCTTTTAGGCAACGTTGGAAGT

HindIII
V S P E M A L A L L E K L G 288
1261 CCTGCGGAAAAAGTCAGTCCGGAGATCGCGGAGAAGCTTGCCCTGCTTGAGAAACTGGGC
GGACGCCTTTTTCAGTCAGGCCTCTAGCGCCTCTTCGAACGGGACGAACTCTTTGACCCG

I T L D D L E K L F K S R - _ 301
1321 ATCACGCTGGATGACCTGGAAAAACTCTTCAAATCCCGCTGAASETAAACTGTAGTCAGT
TAGTGCGACCTACTGGACCTTTTTGAGAAGTTTAGGGCGACTTGLATITIGACATCAGICA
333333333555 53555555555>5>

1381 EﬂAGAGCGCTCCTTAACTGACTACAGCTTATAT'AACCGGTGCAGTGAGTGGTCTGCTCA
CUTCTCGCGAGGAAATGA A AATATARTTGGCCACGTCACTCACCAGACGAGT
>>>> <<LLLLLLLLLLLLLLLLLLLLLLLLLLL========> ===

PstI
1441 CTGCAGTGCTGTCTGTAGCTGAGCTGCCATCTGCCTGTCCCTTACGTAAGTTGGAATCCC
GACGTCACGACAGACATCGACTCGACGGTAGACGGACAGGGAATGCATTCAACCTTAGGG

1501 GTAACCTGATGCTGAGGCATTGCTCCCTTCATAAAACATGAC
CATTGGACTACGACTCCGTAACGAGGGAAGTATTTTGTACTG

ACTCACTACAGC
AGTGATGTCGAATA

1561 A

ACATGCTCCAGCTTATGTIIATGTCTGTTCTGCTGACCACAGCTTATATRAGGAAGEGC
ACGA AATACAATACAGACAA PATAITTCCTTCGCG
1621 GTATGCCGTCACCTCAGGGGAGGCAGTGTACGCAGGATCTCCGCAGCATCCCGCCCGTCA
CATACGGCAGTGGAGTCCCCTCCGTCACATGCGTCCTAGAGGCGTCGTAGGGCGGGCAGT

1681 CCTGTGAAAGGCACTGCCAGCGTGGCAGCCATATCCAGTGCAAACACTCTGGTATAAACE
GGACACTTTCCGTGACGGTCGCACCGTCGGTATAGGTCACGTTTGTGAGACCATATTTGG

BamHI
1741 TCCATCGAAGGTGGATCC 3'
AGGTAGCTTCCACCTAGG 5'

FIG. 1. Nucleotide sequence of REPI and the incompatibility regions. The complete nucleotide sequence of the 1,758-bp DNA fragment
containing the minimum REPI and the incE and incF incompatibility regions is shown. Nucleotide numbers are on the left. The adenine
residues around the origin which are methylated (%), the perfect DnaA box, and the various direct repeats (boxes) discussed in the text are
highlighted in the sequence. Possible RNA polymerase-binding sites are marked above the lines as —35 and —10. S.D. refers to the putative
ribosome-binding site. ORF1 begins at nucleotide position 457, and ORF2 begins at position 613. The amino acid sequence represented by
single-letter code is shown above the sequence, and the amino acid numbers are on the right. The ORF is followed by two sets of inverted

repeated sequences (>>> << and ==> <==).

Maxicell experiments. The maxicell strain used was E. coli
BN660 (34). Maxicells were prepared as described previ-
ously (37).

Sequencing of DNA. We used the sequencing procedure of
Sanger et al. (38). The region was sequenced on both
strands. Nucleotide analysis was conducted with the Pustell
Sequence Analysis Programs, International Biotechnolo-
gies, Inc. Homology searches for DNA-binding capacities
were done with the Amino Acid Search Program developed
at The Institute of Molecular Biology, University of Oregon,
Eugene.

RESULTS

Nucleotide sequence of REPI and incompatibility regions
incE and incF. The nucleotide sequence of REPI and the
incompatibility regions was determined as described in Ma-
terials and Methods. The complete nucleotide sequence of a
1,776-base-pair (bp) fragment containing REPI and the incE
and incF incompatibility regions is shown in Fig. 1. Previous
cloning experiments (32) localized the minimum REPI region
and the incompatibility regions. The minimum REPI region
is within a DNA fragment of 1,299 bp (bases 1 to 1,299),
incompatibility region incE is found in a DNA fragment of

412 bp (bases 1031 to 1443), and region incF is present in a
DNA fragment of 332 bp (bases 1444 to 1776).

Computer analysis revealed two major open reading
frames (ORFs) within the REPI region when the standard
ATG start codon at positions 457 and 613 was used. Both
ORFs have the same reading frame but begin with different
start codons. Other start codons (GTG) were found at
positions 395, 409, and 448. All of the above-described start
codons allow for ORFs, but for reasons given below we
analyzed only those that began with ATG. The start codons
(ATG) for each ORF are preceded by sequences with low
homology to the consensus Shine-Dalgarno ribosome-
binding sequence (40). ORF1, corresponding to bases 457 to
1359, codes for a 35-kDa protein, while ORF2, spanning
bases 613 to 1359, codes for a protein of 29 kDa. The
estimated pl of both translated ORFs is 10.69. These data
suggest that Repl is a basic protein. The region upstream of
these ORFs has sequences which share homology with the
consensus for the E. coli promoter (35). The REPI ORFs are
followed by DNA sequences located between bases 1362 and
1445 which are capable of forming two stem-loop structures.
These sequences may act as a signal for termination of
transcription or confer stability to the Repl transcript.
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FIG. 2. Maps of clones used in maxicell analysis. Restriction sites: B, BamHI; P, Pstl, H, HindIll; RV, EcoRV; K, Kpnl. The dark bars
represent REPI regions, and the open bars represent pBR322 regions. The arrowheads pointing down correspond to the start positions, and
the arrowheads pointing up correspond to the stop sites of the proteins. Estimated protein sizes and lane designations corresponding to those

of Fig. 3 are on the right. kD, Kilodaltons.

Analysis of polypeptides encoded by the REPI region. We
reported previously that the minimum REPI replication
region encodes a trans-acting factor that is essential for the
replication of REPI-containing plasmids (32). Furthermore,
nucleotide sequence analysis revealed the presence of ORFs
within the REPI region. To identify the actual polypeptides
encoded by this region and to assess which is the essential
trans-acting product(s), we transformed the maxicell pro-
ducer strain E. coli BN660 with several clones derived from
REPI. The results are shown in Fig. 2 and 3. The clones used
were described previously (32). As a control we used
pBR322 (6), the vector for these clones.

The results (Fig. 2 and 3) indicated that, in addition to the
proteins produced by the vector, pJHC-P335 encodes a
polypeptide of 39 kDa, whereas pJHC-P357 codes for a
truncated protein of about 30 kDa which migrated close to
the vector proteins. Plasmid pJHC-P320 produces only the
proteins encoded by the vector pBR322.

ABCDETF
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FIG. 3. Proteins encoded by REPI derivatives. Autoradiogram
of a sodium dodecyl sulfate-12.5% polyacrylamide gel containing
[>SImethionine-labeled plasmid proteins from maxicells. Lanes: A,
pJHC-P282; B, pJHC-P290; C, pBR322; D, pJHC-P320; E, pJHC-
P33S; F, pJHC-P357. The arrowheads indicate the Repl protein and
its derivatives.

Since Repl is a basic protein (estimated pl, 10.69), its
migration on sodium-dodecyl sulfate-polyacrylamide gel
electrophoresis should be slower than that of a neutral
protein of the same molecular weight. This could explain .
why Repl appeared as 39 kDa rather than 35 kDa in the
maxicell analysis. Since the truncated protein from pJHC-
P357 is also basic, we also expected anomalous migration of
this protein so that the 22-kDa protein would appear as 30
kDa. We feel justified in predicting that the start of the Repl
protein begins with the ATG start codon at nucleotide 457,
since assigning the upstream, nonstandard GTG codon to
accommodate the migration on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis may not be appropriate
because Repl is a basic protein which would be expected to
migrate anomalously and would appear larger than the size
assessed on the basis of the sequence.

The results discussed in the previous paragraph allowed
for prediction of the direction of transcription of the Repl
protein gene, which coincided with the direction deduced
from the sequencing data. pJHC-P290 and pJHC-P282 are
identical clones except for the Repl-coding region contained
in the 1,183-kb PstI-Pst1 fragment found in pJHC-P290.
Clone pJHC-P282, which lacks the Repl-coding region, does
not produce the 39-kDa protein, while pJHC-P290 does.

Polypeptides corresponding to each of the ORFs (in-
cluding those initiated at GTG) can be observed in vitro by
transcription-translation studies (data not shown), but only
the 39-kDa protein corresponding to ORF1 was visualized in
the in vivo maxicell system. As shown above, the start
codon for ORF1 is preceded by a weak ribosome-binding site
which might account, at least in part, for the low levels of in
vivo expression observed for the Repl protein (Fig. 3, lane
B, clone pJHC-P290). The Repl protein, like other replica-
tion proteins, might be autoregulated, which could also
account for the low levels of expression in vivo. The fact that
clone pJHC-P335 showed higher expression of Repl than did
pJHC-P290 (Fig. 3) could be due to the strong promoters in
the tetracycline resistance determinants in the vector which
are just upstream of the Repl gene in pJHC-P335. These
promoters could override the Repl promoter. The Repl gene
cloned in pJHC-P290 is in the orientation opposite to that of
pJHC-P335 and thus would not be driven by vector promot-
ers. Alternatively, Repl promoter sequences might have
been deleted in the cloning of pJHC-P290 but retained in
pJHC-P335, resulting in the differences in expression.

Analysis of the DNA sequence indicated that the ORF for
Repl ends 60 bp downstream from the HindIII site. Clone
pJHC-P335 was derived by cloning REPI into the HindIII
site of pBR322. Given the orientation of the insert in the
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TABLE 1. Estimated pls of computer-predicted CNBr cleavage
fragments of the translated Repl protein gene

Polypeptide
DNA fragment .
(nucleotide no.) mo'gal":g;:;ass Estimated pl
1-53 5,935 10.30
54-222 19,599 11.30
223-277 6,563 9,28
278-301

1,376 7.00

vector, it is likely that this procedure resulted in a fusion
protein in which the terminal 22 amino acids of Repl were
replaced with 18 amino acids encoded in the pBR322 se-
quences (43). Computer analysis showed that this Repl
fusion protein has about the same molecular weight and
estimated pl as the Repl protein. Maxicell analysis showed
that the proteins have the same mobility (Fig. 3). Clone
pJHC-P335, which codes for the fusion protein, was capable
of replicating in a polA strain indicating that this protein was
functional. A clone in which the insert is cloned in the
reverse orientation so that the fusion would not occur
produced a truncated protein lacking the terminal 22 amino
acids. This clone was still capable of replicating in the polA
strain (data not shown). Clone pJHC-P357, in which 318 bp
of the 3'-OH portion of the Repl-coding region was deleted,
resulting in a truncated protein (Fig. 3), is not capable of
replication in a polA strain unless the intact Repl protein is
provided in trans (32).

The predicted CNBr cleavage pattern of the translated
ORF1 is shown in Table 1. The basic nature of the protein,
particularly at the amino-terminal end, is a feature com-
monly found in DN A-binding proteins (30). Furthermore, by
using computer analysis (8) and the Chou and Fasman
predictive method (10), we identified a helix-turn-helix motif
in the amino-terminal portion of the protein. The predicted
amino acid sequence of a region of the Repl protein (amino
acids 32 to 51) shares homology at key positions with Cro
and cIl proteins which have well-characterized DNA-
binding capacities (Fig. 4a) (30). The conserved amino acids
which are important in the structure of the helix-turn-helix
are highlighted in Fig. 4a. This region in Repl is also highly
conserved in the replication proteins encoded by Rts1 and P1
(Fig. 4b). The homology with the replication proteins en-
coded by Rtsl and P1 extends beyond this 20-amino-acid
region (data not shown).

Analysis of DNA sequences spanning the ori, incE, and incF
regions. The stretch of DNA from bases 1 to 233 possesses
several DNA sequences repeated in inverse and direct
orientations and specific sequences commonly found in
replication regions. All direct or inverse repeats discussed in
this paper share 70% or greater homology with their respec-
tive consensus sequences. Figure 5 is a schematic represen-
tation of the salient features of the sequence shown in Fig. 1.

Two copies of the DnaA-binding site were found. The one
beginning at nucleotide 9 is 100% (9/9) homologous with the
consensus 5'TTAT(A/C)CA(A/C)A3’ (13), and the other,
beginning at nucleotide 54, is 77% (7/9) homologous (not
shown in Fig. 5). In addition, the nucleotide sequence
5'GATC3’ was found in a high density between bases 1 and
70. The tetranucleotide sequence S'GATC3' is the DNA
adenine methylation site (dam). The GATC sequences in the
REPI replication region form part of a larger direct repeat,
S'GATCCAT(A/T)AA3’, found five times between bases 1
and 85 and once starting at nucleotide 124 (Fig. 1 and 5). The
spacing of the repeats between bases 1 and 85 could allow for

J. BACTERIOL.

a

AMINO I
ACID TRANSLATED SEQUENCE PROTEIN
OSITION

P
£ RLSL|A|IRAE|GIFDKVE|I[TGPRL RepI
16 QTKTRIKDL|IGIVYQSAIINKAIH Cro
2 TEKTRIEAVI|GIVDKSQEI|SRWKR cIl

TRANSLATED SEQUENCE PLASMID

2 RE.]SL'ARAEGFDKIVEIITGPRLI

e QLEIAKAEGYDDIKITGPRL (Pl

PCO1V-K30

[X) TFEFARLEGFTKIKITGERL |Rtsl

FIG. 4. (a) Amino acid sequence homology with the Repl protein
and well-characterized DNA-binding proteins Cro and clIl. The
conserved amino acids which are important in the structure of the
helix-turn-helix are boxed. (b) Homology among regions of the
replication proteins from REPI, Rtsl, and P1. Amino acid position
indicates the first amino acid in the sequence shown. The amino
acids in Repl which are conserved in one or both of the other
replication proteins are boxed.

alignment of three to four of the repeats on one side of the
DNA helix given the 10.4-bp-per-turn average. When the
BamHI site at position 65 which is contained within one of
these sequences was interrupted by cloning procedures, the
resultant plasmids were no longer able to replicate in polA
cells, even when the replication protein was supplied in trans
(32). The cloning experiments indicated that this DNA
segment contains the origin of replication of REPI.

An 18-bp repeat, 5'ATAA(A/G)CTGT(A/G)GTAAGTAA3',
was found six times within the REPI region. The nucleotides
in boldface are highly conserved in the direct repeats. Five
copies of the 18-bp repeat were found as nearly tandem
head-to-tail repeats between bases 129 and 233, which is the
putative promoter region for Repl. Copy 6 formed part of the
stem-loop at the termination site of the Repl protein gene.
The spacing of the five clustered repeats was such that
similar sequences faced the same face of the helix. Stretches
of 10 to 13 bp of the 18-bp direct repeat were found
elsewhere, particularly upstream of and in the Repl protein
gene and also in the incE regions. The subsequence
5'ATAA3’ was shared with the 10-bp repeats found around
the region containing the BamHI site discussed above.

In addition, there are five copies of a 19-bp direct repeat,
S'TACTNACTACAGCTTATAT?3’, present in the incompat-
ibility regions. One and one-half copies of the 19-bp repeat
were present in the incE region, and three were present in
the incF fragment. The 19-bp direct repeat in the incE region
formed part of the stem-loop structure at the end of the Repl
protein gene by complementing regions in the 18-bp direct
repeat described above. Subsequences sharing 10 to 18-bp
homology with this consensus were found in the ReplI-coding
region, incE and incF.
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FIG. 5. Schematic representation of ori, incE, and incF, including the repeated sequences, the dam sites, and the perfect DnaA (dnaA)
box. The second DnaA box is not depicted to minimize symbol crowding around the BamHI site at the ori region. The restriction sites and
relative positions corresponding to Fig. 1 are shown below the line. The nucleotides represented by the various symbols are shown at the

bottom.

DISCUSSION

Our previous results indicated that the REPI region of
pColV-K30 encodes a trans-acting factor capable of restor-
ing the replication functions of REPI deletion derivatives
(32). Maxicell experiments presented in this paper showed
that the REPI region codes for a polypeptide of 39 kDa.
Failure to produce this Repl protein correlated with inability
to replicate in polA strains. We therefore conclude that the
39-kDa protein produced by replication-proficient REPI
clones is the trans-acting factor essential for replication of
REPI-containing plasmids.

The direction of transcription of the Repl protein gene
could be determined by polypeptide analysis of deletion
derivatives. Clone pJHC-P335 codes for a Repl fusion pro-
tein in which 22 amino acids of the carboxy-terminal portion
were replaced with 18 amino acids encoded by the vector
pBR322. This Repl fusion protein has about the same
estimated molecular weight and pl as the Repl protein and is
capable of supporting replication in a polA strain. However,
further deletion of 106 amino acids from the carboxy-
terminal end resulted in a loss of replication function, as seen
in clone pJHC-P357 (32). This suggests that the 22 amino
acids in the carboxy-terminal portion of the Repl protein are
not necessary for replicative functions. Further truncation of
the Repl protein perhaps results in structural changes or
deletion of important functional domains which render the
polypeptide inactive.

The translated ORF which we identified as corresponding
to the Repl protein has a basic estimated pl which is
characteristic of DNA-binding proteins (30). Furthermore,
the predicted amino acid sequence and the estimated pl of a
specific region of the Repl protein share homology with
proteins Cro and cllI, which have well-characterized DNA-
binding capacities (30). Interestingly, this region, as well as

other regions, is conserved in replication proteins such as
those encoded by Rtsl (19) and P1 (2).

Cloning experiments localized the origin of replication
between nucleotides 1 and 1043 (32). The precise location of
ori within this stretch is not known, but the region between
nucleotides 1 and 233 contains motifs and specific sequences
commonly found in origins of replication. For example, two
DnaA-binding sites were found starting at nucleotides 9 and
54. DnaA binding to plasmid replicons has been demon-
strated for pSC101 (48), F (28), P1 (2), and Rts1 (19). In some
cases, DnaA is essential for plasmid replication (16, 17).
Furthermore, the tetranucleotide sequence 5'GATC3’,
which is the DNA adenine methylation site (dam), was found
in a high density between bases 1 and 85. This sequence
occurs with high frequency within the origins of replication
of the E. coli and Salmonella typhimurium chromosomes
(27, 52) and within the origins of replication of many plas-
mids (2, 12, 18). DNA hemimethylated at Dam methylase
recognition sites has been shown to play important roles in
segregation of the E. coli chromosome (29), in mismatch
repair (26), and in controlling replication (36). In P1, DNA
adenine methylation is required for plasmid replication (1).

The GATC sequences in the REPI replication region form
part of a larger direct repeat, S"GATCCA(A/T)AA3’, found
five times between bases 1 and 85 and once starting at
nucleotide 124. The clustered sequences are present at
intervals which would align most of them on the same face of
the helix. When the BamHI site at position 65 which is
contained within one of these sequences was interrupted by
cloning procedures, the resultant plasmids were no longer
able to replicate in polA cells, even when the replication
protein was supplied in trans (32). The subsequence
5'ATAA3’ of this repeat shares homology with the series of
the 18-bp repeat found just downstream in the putative
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promoter region for the Repl protein gene. The region
beginning at nucleotide position 124 shows how the two
direct-repeat sequences actually overlap (Fig. 1 and 5).

This 18-bp directly repeated sequence is found five times
in the region between nucleotides 129 and 233. This region
shares characteristics with other replicons. Replication re-
gions often contain direct repeats which could align on the
same face of the 10.4-bp-per-turn DNA helix (2, 11, 19, 42).
In some cases, a plasmid-encoded replication protein binds
specifically to these repeated sequences (3, 9, 15, 19).

Because the Repl protein shares characteristics with
DNA-binding proteins and with replication proteins, it is
tempting to speculate that the mechanism of action of the
Repl polypeptide involves an interaction with the ori re-
peated sequences found around the BamHI site (nucleotide
65) and that the 18-bp repeated sequences titrate the Repl
protein, possibly by the shared 5S'ATAA3' sequence. The
titration of the protein could serve to control the copy
number and autoregulate expression of the Repl protein
gene by binding to putative Repl promoters present in this
repeat region or in areas just downstream containing partial
repeats. This proposed mechanism has been found in other
replication systems (20, 49). Of course, alternative models
exist; for example, the Repl protein might have multiple
binding domains, one for the replication function and an-
other for incompatibility and autoregulatory repeats.

Five copies of a 19-bp direct repeat occur in the incom-
patibility regions; 1.5 copies are in the incE segment, and
three are in the incF fragment. The 19-bp repeat is nearly the
reverse complement of the 18-bp repeat found around the ori
region. The complete copy found in incE forms part of the
large stem-loop structure at the end of the Repl protein gene
by complementing a copy of the 18-bp repeat. The role of
this stem-loop is not clear. However, this structure must not
be essential for replication, since clone pJHC-P335, which
lacks this stem-loop, is still capable of replicating in polA
strains (32).

Direct repeats are responsible for the incompatibility
phenotype of the main replicon of F (28, 41, 45, 46), P1 (2, 9),
R6K (3, 15, 21, 39), pSC101 (11), Rts1 (44), and R1162 (24).
Incompatibility on these plasmids is expressed by specific
binding of the replication proteins to repeated sequences.
Results presented in a previous paper indicate that the REPI
incF region confers incompatibility to REPI, P307, and 7
derivatives (32). The possibility exists that the replication
proteins of these plasmids are titrated by the 19-bp direct-
repeat sequences present in the incF region and thus prevent
initiation of replication. Whether the reverse orientation of
these direct repeats plays a role in the incF-determined
phenotype has yet to be determined. Furthermore, the
existence of other factors encoded in this region which may
play a role in this novel incompatibility phenotype cannot be
disregarded.

The mechanism of action of incE remains unclear. Plas-
mids containing incE were incompatible only with f7 deriv-
atives (32); this phenomenon is difficult to justify by the
presence of 1.5 copies of the 19-bp repeated sequence. One
hypothesis is that changes of the nucleotide sequence which
generated the HindIII site on REPI and P307 (32) created a
region to which the Repl protein cannot bind efficiently so
that the incE region of REPI does not express incompatibil-
ity toward REPI or P307 derivatives. Experiments are under
way to address these questions as well as to characterize the
precise role of the Repl protein in the replication and
incompatibility properties of IncFI plasmids.

The organization of REPI is similar to that of many
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plasmid replication systems, such as P1 and Rts1, for exam-
ple, with respect to a DnaA-binding site(s), a high frequency
of DNA adenine methylation sites, five or more tandem
direct repeats of 18 to 21 nucleotides just upstream of the
gene for a protein essential for replication, and several more
repeats in direct or reverse orientation. The similarities
allow for the following conjectures about the functions of
these similar structures. REPI might have a DnaA and/or
dam requirement for replication. The removal of some of the
direct repeats flanking the Repl protein gene should alter the
copy number phenotype. Finally, the five direct repeats
upstream of the Repl protein gene should also express
incompatibility and might play a role in autoregulation.
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