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We present the nucleotide sequence of the oriT region from plasmid R100. Comparison to other IncF
plasmids revealed homology around the proposed nick sites as well as conservation of inverted repeated
sequences in the nonhomologous region. Three areas showed strong homology (eight of nine nucleotides) to the
consensus sequence for binding of integration host factor, suggesting a role for this DNA-binding protein in
nicking at oriT.

Our understanding of bacterial conjugation depends
mostly on analyses of the fertility factor F. The genetic
information necessary for conjugation of F and other closely
related IncF plasmids is encoded in approximately 34 kilo-
bases of plasmid DNA and in several chromosomal genes.
The contiguous plasmid genes include the following: (i) an
origin of transfer (oriT), (ii) more than 20 structural genes for
assembly of the pilus, (iii) genes involved in the metabolism
of DNA during transfer, (iv) genes necessary for surface
exclusion, and (v) genes whose products control expression
of the genes mentioned above. Reviews of plasmid genes
have been published (20, 42, 43). The chromosomal genes
include dye (sfrA,fex), cpxA, cpxB, sfrB, himA, and hip. The
first three chromosomal genes (2, 4, 23, 27) encode proteins
which are believed to link expression of transfer genes to the
cell membrane (28), and the sfrB product is required to
prevent premature transcriptional termination of the transfer
operon (3, 15). A review of these chromosomal loci has been
published recently (39). The chromosomal genes himA and
hip encode integration host factor (IHF) (30-32), recently
shown to be required for transfer of IncF plasmid R100
(W. B. Dempsey, submitted for publication).
The transfer (tra) genes of IncF plasmids are homologous,

both physically (24, 38) and genetically (10, 11, 34), but some
of the genes are not interchangeable and are termed plasmid
specific. One plasmid-specific function is the processing of
plasmid DNA during transfer, which involves both oriT and
the genes whose products are thought to interact at oriT.

Conjugation involves the transfer of a single strand of
DNA into a recipient cell; oriT is the site on that strand
where nicking occurs (7, 40) and where unwinding and
consequent transfer begin, with the 5' end of the nicked
DNA leading into the recipient (33, 37) and the transfer
genes entering last. Everett and Willetts (6) showed that tra Y
and traZ are required for in vivo nicking at oriT and
proposed that a traYZ-encoded endonuclease catalyzes the
interconversion of covalently closed and open circular plas-
mid DNA by nicking and ligating at oriT. In response to
some signal after mating pairs are formed, the nicking-
ligating equilibrium is shifted, and nicked, single-stranded
DNA is available for transfer. The product of traM is
proposed as the signal that triggers transfer (42). Both traM
and traY are plasmid specific, and it is proposed (41) that
both products bind in the oriT region.
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Willetts and Maule (41) recently surveyed 12 IncF plas-
mids in an attempt to correlate various plasmid-specific
properties. These plasmids fall into four groups on the basis
of their oriT-traM-tra Y specificities: type I includes F,
ColV2, R386, CoIB2, R124, and ColVBtrp; type II includes
R538-1 and probably ColB4-K98; type III contains R1; type
IV includes R100, R6-5, and R136. The oriTDNA sequences
of F (40) and Rl (35) have been established. A recent paper
(9) presented the ColB4 oriT sequence and included a
prepublication copy of our R100 oriT sequence, mistakenly
thought to have been included by Fee and Dempsey (8). We
present our R100 oriT sequence and include some additional
observations on features of this region in all four groups of
IncF plasmids.

Subcloning of R100 oriT after HaeIII digestion of pBF1
DNA produced pWD36, which was oriT+ (8) and was the
source of DNA for sequencing oriT. Our end-labeling pro-
cedures have been described elsewhere (29). The oriT se-
quence was determined by using a modification (1) of the
chemical degradation method ofMaxam and Gilbert (25, 26),
and the sequence data were analyzed by using the Beckman
MicroGenie program developed by Queen and Korn (36).
Our sequence includes 73 more bases to the left (5' end) than
were presented previously (Fig. 1) (9). At the 3' end, the
R100 DNA in pWD36 ended at the HaeIII site at base pair
541, and the ATG codon at base pairs 538 to 540 is the
beginning of the traM sequence, as shown by Fee and
Dempsey (8). Finlay et al. (9) compared four IncF types of
oriT sequences and tabulated the various attributes of this
R100 region. These aspects will not be detailed here, but
briefly included the following: (i) regions of identity with a
type I plasmid F, from base 74 (first F base available [40]) to
base 246, with a type II plasmid ColB4, from base 74 (first
ColB4 base available [9]) to base 246, and with a type III
plasmid Rl, from base 98 (first Rl base available [35]) to base
246 (this region contains the nick sites proposed for F [18,
40]); (ii) an A-T-rich region beginning in the homologous area
near base 225 and extending into the nonhomologous region
to about base 310; and (iii) several inverted repeated se-
quences (IRs) in similar regions in all four plasmids. Addi-
tional IRs in R100 (Fig. 1) occurred at bases 56 to 65 and 96
to 105 (AG = -11.6 kcal [1 kcal = 4,184 J]) and at bases 401
to 415 and 447 to 464 (AG = 21.8 kcal). An IR in the F
sequence homologous to the second IR was overlooked
previously (9) at F bases 334 to 344 and 375 to 385 (AG =
23.4 kcal).
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. 70
GATATCATTC TTAGTAAATC CGGGTCTATT TTGTAATCCC GACCTGCAAG ATCAAAGCAA TCGGCGGCTT
CTATAGTAAG AATCATmTAG GCCCAGATM AACATTAGGG CTGGACGTTC TAGTTTCGTT AGCCGCCGAA

140
CGCAGATCCC ATTTATAAAC ATCAGGCAGA TTGCTAACAT CCATTTTTTC ATTTTTCCAC CTCTGGTGAC
GCGTCTAGGG TAAATATMTG TAGTCCGTCT AACGATTGTA GGTAAAAAAG TAAAAAGGTG GAGACCACTG

210
TTTATCCGTA AATAATMTAA CCCACTCCAC AAAAAGGCTC AACAGGTTGG TGGTTCTCAC CACCAAAAGC
AAATAGGCAT TTATTAAATT GGGTGAGGTG TTTTTCCGAG TTGTCCAACC ACCAAGAGTG GTGGTmCG

xx 4il 280

ACCACACACT ACGC WMC AAGTTTTTGC TGAT CGT TTTAAATCAT GTAATTAACA AACGCTATTT
TGGTGTGTGA TGCG M G TTCAAAAACG ACT GCA AAATTTAGTA CATTAATTGT TTGCGATAAA

4 350
ATATTTAATA ATTCTGAATT ATTAAATAGA GAGTCGTTGG CGATCCTGTT ACGACCCTAT AGCGACTCTT
TATAAATTAT TAAGACTTAA TMTTTATCT CTCAGCAACC GCTAGGACAA TGCTGGGATA TCGCTGAGAA

420
ATTAGGATCA GTACTGACAA TmCACGAA AACATTGAT ATATATTAGG GACGCCCCTA GCGCCGGATC
TAATCCTAGT CATGACTGTT AAAAGTGCTT TTTGTAACTA TATATAATCC CTGCGGGGAT CGCGGCCTAG

490
GCATTTTTTT ATAGGATGAT CCTAGAGGCG CTGCTAGGAG TGTCTTTCTT ACTTGTAAAC ACTATATGCA
CGTAAAAAAA TATCCTACTA GGATCTCCGC GACGATCCTC ACAGAAAGAA TGAACATTTG TGATATACGT

TATTTATAGT GAAAAGTTCG TTGCTTAATA ATGAAGGTT TTATCTTATG GCCAGAGTAA
ATAAATATCA CilIICMGC AACGAATTAT TACTTTCCAA AATAGAATAC CGGTCTCATT

FIG. 1. Nucleotide sequence of R100 oriT region. Base 74 corresponds to base 1 in Finlay et al. (9), and base 518 corresponds to base 1
in Fee and Dempsey (8). Sequence to the left of the vertical line between bases 246 and 247 is homologous to other IncF plasmids. I',

Proposed nick sites (18, 40) in plasmid F oriT; x, two known oriT mutations (40). IRs not previously identified (9) are shown by arrows above
the sequence. Putative IHF-binding sites are underlined (bottom strand) or overlined (top strand).

On the basis of these sequences, the groupings of Willetts
and Maule (41), and the available information on tra gene
products, Finlay et al. (9) proposed that each plasmid-
specific tra Y product binds to its respective A-T-rich region
and (presumably) orients the nonspecific traZ endonuclease
for nicking (Fig. 1, bottom strand). They further proposed
that each plasmid-specific traM product recognizes its own
IR located just outside the A-T-rich region. In R100, the IR
is at bases 305 to 316 and bases 343 to 353 and has a
predicted free energy of -11.2 kcal. While not homologous,
this region in all four types contains IRs in similar locations.
The reader is referred to Finlay et al. (9) for a detailed
discussion of this comparison.
The recent discovery that IHF is required for expression

of R100 transfer (Dempsey, submitted) and also that it binds
to an A-T-rich sequence in the pSC101 replication region (16)
prompted us to examine oriT for homology to the IHF-
binding-site consensus sequence, C/TAANNNNTTGATA/T
(22). IHF is a heterodimeric DNA-binding protein that was

Homologous In I

F, RI00, R1, CoIB4 I

(-13.0) (-S.o)

_)_--)<

(-11.2)

first detected as a host factor needed for integrative recom-
bination in bacteriophage K (13, 21, 32). The protein protects
att DNA in k, P22, and 4)80 (5, 22) and has been shown to be
involved in expression and regulation of several systems (12,
14, 17, 19). In P22 att, one site with two deviations binds
IHF less well, but does still bind (22). Nevertheless, we
initially screened for the consensus sequence and for sites
with one deviation from consensus. The three IHF-binding
sites in R100 oriT region are highlighted in Fig. 1 and shown
diagrammatically in Fig. 2. The first site (bases 227 to 239)
was on the bottom strand in the region which was homolo-
gous in all four types of IncF plasmids; the second site (bases
255 to 267) was also on the bottom strand; the third site
(bases 379 to 391) was on the top strand in such a location
that it could be involved in traM expression. All three of
these sites in R100 deviated from consensus by only one
base. Examination of oriT sequences of the other IncF
plasmids revealed that both ColB4 and Rl contained the
second IHF site, each with one deviation from consensus.

(-21.8)

S.D.
ATO
tramN1

- A/T rich-i

1, 210 250 tie 310 400 45, 51. 5 0

FIG. 2. Features of the oriT region of plasmid R100, beginning at base 150 in the region of IncF homology. Some IRs are shown (arrows
above the line) with their AG values in kcal. The double boxes represent homology with the IHF-binding-site consensus sequence. X, oriT
mutation in F; ' , nick sites in F oriT; S.D., homology with Shine-Dalgarno ribosome-binding-site consensus sequence.
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This region of F DNA contained three deviations, although a
nearer consensus (two deviations) occurred 12 bases down-
stream. A similar situation occurred at the third site near
traM; both ColB4 and Rl have the site with two deviations,
and F has the site with three deviations.
A cursory search of GenBank by using Beckman Micro-

Genie revealed that several vegetative origin regions contain
one or more sites which are homologous to the IHF consen-
sus. These include the chromosomal origins of Escherichia
coli, Enterobacter aerogenes, Klebsiella sp., and Salmo-
nella typhimurium and the rep regions of plasmids F, R100,
R6-5, Rl, R6K, RK2, RSF1030, Rtsl, pSC101, and pNTP1.
There are no data showing either a direct or an indirect role
for IHF in either these regions or the oriT described here. In
X, however, IHF has been shown to enhance the affinity of
Int protein binding to the Aatt core (5), and it may play a
similar role in the oriT region of these IncF plasmids, i.e., by
increasing the binding of one or more tra proteins involved in
nicking at oriT. In that regard, it may be significant that
binding at the first IHF site in oriT probably would cover
bases 215 to 244 (5, 22), which would include one of the
proposed nick sites (18). It has been suggested that IHF may
be involved in partial unwinding of the DNA helix (22); this
also could be its role at oriT. In addition, all of the IncF oriT
sites lie in the plasmid DNA that would enter the recipient
last, so it is also possible that IHF plays a role in the
recircularization of a unit length of plasmid DNA.

We thank Brian E. Fee, Julie Kalantar, and Kathryn Sims for
technical assistance.
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AI-17402 from the National Institutes of Health.
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