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The complete nucleotide sequences of the R1 drd-19 (R1-19) plasmid transfer genes traM, finP, traj, and traY
and the region encoding the traYZ promoter were determined. The traM protein from R1-19 was similar to the
127-amino-acid traM product from the conjugative plasmid F; only 28 residues were not identical. finP, a
negative regulatory element of the traJ gene, contained a 12-base-pair inverted repeat identical to that found
in the F plasmid, but differed in the 7 base pairs found between the repeats. The traJ gene and the traYZ
promoter (the site of transcriptional stimulation by the traJ product) were completely different from the
equivalent sequences in plasmid F. Galactokinase fusion studies of the traYZ promoter indicated that the R1-19
and F plasmids have analogous but not homologous traYZ promoter strengths and regulation. The traY protein
from R1-19 was 44 residues shorter than the traY product from plasmid F, but there was some homology within
the C-terminal halves of the traY gene products. The predicted translational start codon for the fraY gene is

GUG.

Resistance R factors are large, self-transmissible plasmids
which encode antibiotic resistance genes. R1 is a member of
the IncFII plasmid incompatibility group and contains a
35-kilobase (kb) transfer (¢ra) region which is highly homol-
ogous to that in plasmid F and other IncF plasmids (27). This
tra region encodes the gene products necessary for pilus
production, surface exclusion, and conjugal DNA metabo-
lism and is controlled by several regulatory elements. Of the
tra regions in the IncF plasmids, the F plasmid tra region has
been studied most extensively (34; N. S. Willetts and J.
Maule, Genet. Res., in press). R1 drd-19 (R1-19) is a
derepressed mutant of R1 (finO) and expresses its conjuga-
tion system constitutively (19).

Although the tra regions of the F and R1-19 plasmids are
homologous, they are not identical. Sharp et al. (27) ob-
served two small regions of nonhomology which mapped
near the beginning of the tra regions of these two plasmids
(A. J. Clark, in Symposium on Origin and Evolution of Sex,
in press). Ostermann et al. (22) demonstrated that plasmids
R1-19 and F have both homologous and nonhomologous
sequences within their origin of transfer (oriT) regions. Frost
et al. (9) found that, although the traALE regions of plasmids
R1-19 and F were very similar, the DNA sequences diverged
immediately upstream of traA (the pilin gene). The present
DNA sequencing studies of the region between the oriT and
traA genes from R1-19 confirmed that these regions are
nonhomologous in the R1-19 and F plasmids.

This region contains several tra genes (traM, finP, tral,
and traY) and the traYZ promoter. The traM product is
essential for DNA transfer and may be involved in the
triggering of DNA transfer and conjugative DNA synthesis
by binding to a plasmid-specific region of the oriT gene (33).
Four alleles of the traM gene have been described for IncF
plasmids (F-like, R1-like, R100-like, and ColB4-like).
Similarily, these traM variants are found with plasmid-
specific oriT sequences and four traY alleles (Willetts and
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Maule, in press). The traY product is thought to be a
component of the traYZ endonuclease, which may be re-
sponsible for strand nicking at the gene oriT (33). It has been
suggested that the traY product may be involved in plasmid-
specific oriT recognition, whereas the traZ protein is prob-
ably responsible for nicking the DNA (Willetts and Maule, in
press). The F plasmid zraJ product is required for expression
of the traYZ and traM operons of plasmid F (11, 20). It has
been shown that the F plasmid zraJ product increases
transcriptional levels at the traYZ promoter (20), which is
located immediately downstream of the traJ gene (8). The
traYZ transcript proceeds from traY to traZ and is approx-
imately 32 kb long. Four traJ alleles in the IncF plasmid
group have been identified, three of which correspond to the
four traMY oriT alleles. (Type II [ColB4-like] and type III
[R1-like] oriT alleles both have a type III traJ allele, and
R-386 has a unique traJ allele [Willetts and Maule, in press].)
Expression of the traJ gene is repressed by the finOP
(fertility inhibition) system. The finO gene is not plasmid
specific, whereas there are at least six different finP types in
the IncF group (Willetts and Maule, in press). The finP gene
is located in the region between the traM and traJ genes,
being transcribed in the opposite direction from that of traJ
transcription, whereas the finO gene is not linked with the
tra region. The lack of either the finO or finP gene relieves
traJ repression and allows concomitant traYZ operon ex-
pression, producing a derepressed state.

We report here the nucleotide sequences of the R1-19
traM, finP, traJ, and traY genes and the traYZ promoter,
and we compare these sequences with the related but not
identical genes from the F conjugative plasmid.

MATERIALS AND METHODS

Bacterial strains and plasmids. The R1-19 plasmid was
carried in the host strain Escherichia coli JC6256 (F~ lac trp).
pUCS8 recombinants were transformed into E. coli IM83 (32),
and galactokinase (galK) chimeras containing the promoter
assessment vector pKO4 were transformed into E. coli



VoL. 166, 1986

traMJY, finP, AND traYZ PROMOTER OF R1-19 369

oriT . traM ' finP traJ I Pyz o tray | traA
~ S
~ e
o <
[=] H — — — v<(t) — g — 3 g Hgg gEo g
- o o o =2 2 o 2 - -} 3 o33 :l_‘:
8 g @ e e 8 &3 & g 3 £33 82 &
! 3 AL A Il A A '} 't A I L a2 LA I
v L] v L] L v T T L] T 1
o 1000 2000
I > — e B —— -
- B e - -
— —— — -——
- f—— - —_——
- R -
-

FIG. 1. Strategy for DNA sequencing of traM, finP, traJ, and traY genes and the traYZ promoter (Pyz) from plasmid R1-19. Restriction
sites for Ahalll, Bglll, Pstl, Sau3A, and Taql are marked, and the direction and length of sequenced DNA fragments are shown by arrows
beneath the restriction map. The relative locations of the genes sequenced are also shown. (Sequence information for residues 25 to 474 was

obtained from Ostermann et al. [22].)

ED5363 (gal) (18). pBF402 is an 8-kb EcoRI fragment from
R1-19 ligated into pUC8 and is equivalent to the EcoRI f6
fragment from the F plasmid. pRS27 is the EcoRI f6 fragment
from plasmid F ligated into pSC101 (29). pBF403 is a
320-base-pair R1-19 Sau3A fragment (see Fig. 2, nucleotides
1602 to 1922) ligated into pKO4-BamHI (18), and pBF302
consists of the 682-base-pair Sau3 A fragment from plasmid F
(containing the traYZ promoter) (8) and the vector pKO4.
pBF405 is a recombinarit containing the 1,847-base-pair R1-19
Ahalll fragment (see Fig. 2, nucleotides 200 to 2047) and
pACYC184 (4).

Plasmid purification. R1-19 and the chimeras were isolated
and purified by the method of Humphreys et al. (14), and
small amounts of chimeric plasmids were obtained by the
method of Birnboim and Doly (3).

Recombinant DNA techniques and DNA sequencing. Re-
combinant DNA techniques and DNA sequencing were
performed as described previously (7, 9), except that
M13mp18 and M13mp19 were used as the M13 vectors (35).

galK assay. The galK assay was done exactly as described
by McKenney et al. (18), except that the specific activity of
the undiluted [“C]galactose was 59.6 mCi/mmol. Units were
calculated as described previously (18) and are expressed as
nanomoles of galactose phosphorylated per minute per unit
of optical density at 650 nm.

RESULTS

Cloning and sequencing strategies. When R1-19 plasmid
DNA-EcoRI was separated on an agarose gel, immobilized
on nitrocellulose, and probed with a 1.4-kb PstI fragment
containing the traALE genes of the F plasmid transfer region
(10), a single R1-19 EcoRI fragment (8 kb) showed homology
(data not shown). This fragment corresponded to the 8-kb
EcoRI f6 fragment from plasmid F which contains the F
plasmid traMJYALEKBP, finP, and oriT genes (34). This
EcoRI fragment from R1-19 was cloned into the vector pUC8
(32) and called pBF402. The 1.26-kb Bg/II-Ps:1 fragment and
the adjacent 2.1-kb PstI fragment were subcloned into pUCS8
and sequenced by using the M13 dideoxy sequencing method
(25). A restriction map, the sequencing strategy, and the
putative gene products found in the Bg/II-PstI fragment and
in the first half of the 2.1-kb PstI fragment are shown in Fig.
1. The remainder of the PstI fragment contains the traALE
genes, and the nucleotide sequence of the traA gene was
reported previously (9). The R1-19 traL gene and most of the
traE gene have been sequenced and are nearly identical to
the corresponding sequence from the F plasmid (B. Finlay,

unpublished results). The nucleotide sequences and the
predicted products of the traM, finP, traJ, and traY genes
are shown in Fig. 2. (Included in this figure is the 450-
nucleotide sequence published previously which contains
the R1 oriT region [22]. This sequence corresponds to
nucleotides 25 to 474 in Fig. 2.) Recently Koronakis et al.
(16) determined the nucleotide sequence of the traM gene
from the R1 plasmid. This sequence is identical to the R1-19
traM sequence presented here except for the adenine at
position 893 (Fig. 2), which is not present in the R1 se-
quence. This difference would not alter the predicted gene
products.

By using heteroduplex mapping, Sharp et al. (27) found
that the tra operons of the F and R1 plasmids are highly
homologous, whereas the remainder of the plasmids show
little similarity. Sequencing studies on the R1-19 pilin gene
have demonstrated that, although the traALE sequences
from the F and R1-19 plasmids are very similar, the se-
quences diverge immediately upstream of the traA gene (9).
The heteroduplex mapping results of Sharp et al. reveal a
1.2-kb region of nonhomologous DNA upstream of the
predicted location of the traA gene (64 kb [27]; 69 kb [34]).
The nonhomologous region corresponds to map positions
60.0 to 61.2 in the R1 plasmid and 62.7 to 63.9 in the F
plasmid (27). Upstream of this nonhomologous sequence is
0.4 kb of homologous DNA (map positions 60.0 to 59.6 in R1
and 62.7 to 62.3 in F, again using the map units of Sharp et
al., preceded by 0.4 kb of nonhomologous DNA (map
positions 59.6 to 59.2 in R1 and 62.3 to 61.9 in F). There are
no other nonhomologous areas upstream until well beyond
the oriT region, the beginning of the tra region.

Comparing the sequence from the R1-19 plasmid (Fig. 2)
with the corresponding sequence from the transfer region of
the F plasmid (8, 30, 31) revealed strong homology from
nucleotides 1 to 173 in R1-19, which includes the three major
nick sites for the oriT region (31) (located after positions 124,
127, and 130 in Fig. 2). From nucleotides 174 to 592 there
was little similarity, but from 593 to 1053 there was again
strong homology, except for the area between 854 and 936
where the homology was limited. From nucleotides 1054 to
2091 there was little homology, although the regions encod-
ing the carboxyl termini of the traY gene products were
similar. These results correlated well with the heteroduplex
studies of Sharp et al. (27), accounting for the two nonho-
mologous regions seen by these investigators.

R1-19 traM gene. The R1-19 zraM gene encodes a 127-
amino-acid protein (14,448 daltons) which shows consider-
able homology with the traM gene product from plasmid F
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BglII 60
AGAT! CTCAT’I‘TATAAACATCAGGCAGATGGCTAACATCCATTTTTTCATTTTTCCACCTC

120
TGGTGACTTTATCCGTAAATAATTTAACCCACTCCACAAAAAGGCTCAACAGGTTGGTGG

180
TTCTCACCACCAAAAGCACCACACCCCACGCAAAAACAAGTTTTTGCTGATTTGCTATTT

240
GAATCATTAACTTATGTTTTAAATAATGTATTTTAATTTATTTTACATTATAAAAAGGAT

300
TCATTGGTGAATCGCATATGATTCACCAATGAATTTAACGCAACTCATAGATGAATCAGT

360
AATAATAAAACAACGAGTTAAAGCGAATTGACTCTAGATTCAATTCGTGATGTGATTTGC

=35 420
TGCATGAATCGTAATT T'I‘CGTAACTTGCGTCACGATTLGATTCATCGATGA

=10 TraM 480
TTTTTATATGTGAA{TARATRTGATGCGATAAGAAAATARAGAGGTATACATATGGCGAR
MetAlaLy

540
AGTGCA(:GCTTA'I'G'I'CAGTGACGAAA'I"I‘C'I‘CTATAAAATAAATAAAAT‘I‘G’I‘GGAAAGAAG
sValGlnAlaTyrValSerAspGluIleValTyrLysIleAsnLysIleValGluArgAr

600
ACGTGCAGAAGGAGCTAAAAGTACAGATGTAAGT TTCTCAAGCATATCCACTATGCTICT
gArgAlaGluGlyAlaLysSerThrAspValSerPheSerSerIleSerThrMetLeuLe

660
CGAATTAGG_GC‘I‘TCGTGTATA’I‘GAGGCTCl.\GATGGAGCGTAAAGAGTCAGCGTT(?AATCA
uGluLeuGlyLeuArgValTyrGluAlaGlnMetGluArgLysGluSerAlaPheAsnGl

720
GGCTGAGT1TAATAAGGTACTTCTTGAATGTGCGGTAAAAACACAGTCAACAGTTGCTAA
nAlaGluPheAsnLysValLeuLeuGluCysAlavValLysThrGlnSerThrvalAlaLy

780
GATTTTAGGTATTGAGTCACTAAGCCCTCATGTTTCCGGGAATCCAAAGTTTGAATATGC
sIleLeuGlyIleGluSerLeuSerProHisValSerGlyAsnProLysPheGluTyrAl

840
GAATATGGTCGAAGATATCAGGGATAAGGTGTCATCTGAGATGGAGAGGTTCTTTCCAGA
aAsnMetValGluAsplleArgAspLysValSerSerGluMetGluArgPhePheProGl

900
AAA‘K;A'IGAGGAATAAAAAAGAATTAAAAGT’K;A'I'PNCTTCAAATAACAGGATTT’IGAT
UASNASPGluGlu***

-35 -10 260
CTGGTTCAATTTGATGACH TPAACCGCATAAAGG [PATAT]AATTACGTGGTTAATGCC
finP 1020

ACGTTAAAAATTGAAACTGAAAATCGCCGA! 'l’GCAGGG_AgG’l‘CTGAAm
TraJ =10 1080

TGTCCATAGAATCCTTAACGGAGGTTCCTATGTGTGCGCTGATCGTAGAGAARGGCCAC
MetCysAlal.euAspArgArgGluArgProL

-35 1140
TTAA TAAATAAATACATCC‘I“I 'AACGTTCAGAATATCTACAGAAATTCTC
euAsnSerGlnSerValAsnLysTyrIleLeuAsnValGlnAsnIleTyrArgAsnSerP

J. BACTERIOL.

1200
CCGTTCCGGTTTGTGTCCGTAACAAAAACCGGAAAATCCTTTATGCCAATGGGGCTTTTA
rovalProValCysValArgAsnLysAsnArgLysIleLeuTyrAlaAsnGlyAlaPhel

PstI
TTGAACTCTTTTCCAGAGAAGATAAACCCTTATCCGGAGAGAGTTATATACGTCTGCAGG
leGluLeuPheSerArgGluAspLysProLeuSerGlyGluSerTyrIleArgLenuGlnv

1320
TNAAATT&TTCTTTCATCACPNAACTGGAATGCCAGGCNTNGACATGGCTCNCAT
alGlullePheLeuSerSerLeuGluLeuGluCysGlnAlaleuGlyHisGlySerAlaP

1380
TT'IG'I‘CGTCGTTTTAATTTTCA‘ICGCGAAATCTATCAGATAAGGATGGAGMTGTTTCTT
heCysArgArgPheAsnPheHisGlyGlulleTyrGlnIleArgMetGluAsnValSerP

1440
TTTATAATGACGAATCTGTTGTTTTATGGCAAATTAATCCGTTTCCTGATTATCCATTTT
heTyrAsnAspGluServValValLeuTrpGlnIleAsnProPheProAspTyrProPheP

1500
T'IGCGTTAAATCAGAGTGGAAGTAA‘I‘ACAAATACTTCTGATMATTAACGATA'IGGAATG
heAlaLeuAsnGlnSerGlySerAsnThrAsnThrSerAspLysLeuThrIleTrpAsna

1560
ATCTTTCTCCAGGGACATTGGTTGTTTTCTCTTTTTATATGCTGGGTGTPGGTCACGCAA
spLeuSerProGlyThrLeuValValPheSerPheTyrMetLeuGlyValGlyHisAlaT

1620
CAATTGCCAGAGAGTTGGGTATTACAGACAGAGCATCTGAGGATCGAATTAAACCAGTTA
hrileAlaArgGluLeuGlyIleThrAspArgAlaSerGluAspArglleLysProvall

. 1680
AACGGAAAATAAAAGAATTTTTTGAACACGTTTGATTTATTCAGAGTGTCATGTATCTAT
ysArgLysIleLysGluPhePheGluHisVal***

. 1740
AAAGGAGAAATAGATTCGCTATTAAGTATAATTCGTGAATTTTATGGTGTTAAGTAAATG

1800
TTAAATAAGGCGCGGCCAATTTTGGCGTGTTTTTTTTCGTCGGTTFTCTGTGCAATCATGA

. Tray 1860

TP’!‘TATTAGTCGGGAAACAGAGGTGAAT'ICAG'I‘GAGGAGGCGTAACGCGAGAGGCGGGAT
MetArgArgArgAsnAlaArgGlyGlyIl

1920
AAGCAGAACAGTCTCAGTGTATCTCGATGAAGATACAAATAACCGACTTATTCGGGCCAA
eSerArgThrvValServValTyrLeuAspGluAspThrAsnAsnArgLeulleArgAlaLy

. ' 1980
AGATCGTAGCGGTAGAAGTAAAACTATAGAGGTTCAGATCCGTCTCAGAGATCATCTGAA
sAspArgSerGlyArgSerLysThrIleGluValGlnIleArgLeuArgAspHisLeuLy

. .2040
ACGGTTTCCTGATTTCTATAATGAAGAAATATTCAGGGAGGTGATCGAAGAGAACGAGTC
sArgPheProAspPheTyrAsnGluGlullePheArgGluvalIleGluGluAsnGluSe

TraA2100
AACA'I“I‘TAAAGAACTT‘PAGT'I‘T’I"]‘ATC‘I‘ATCAATAT'{‘AAACAGAGGAA‘I’CATA’!CAATAC
rThrPheLysGluLeu*** MetAsnTh

2160
TGTTTTAAGTGTTCAGGGTGCTTCTGCGCCCGTCAAAAAGAAATCGTTTTTTTCTAAATT
rvValLeuSerValGlnGlyAlaSerAlaProValLysLysLysSerPhePheSerLysPh

. 2200
CACTCGTCTGAATATGCTTCGCCTGGCTCGCGCTGTGATC
eThrArgLeuAsnMet LeuArgLeuAlaArgAlavallle

FIG. 2. Nucleotide sequences of oriT, traM, finP, tral, and traY genes, and the traYZ promoter from plasmid R1-19. The sequence of
nucleotides 25 to 474 (oriT) is from Ostermann et al. (22), and the entire raA sequence has been published previously (9). Potential —35 and
—10 promoter regions for the traM, tral, and finP genes are boxed, and inverted repeats are represented by arrows. Probable ribosome
gmdmg sn‘tiqs (28) are underlined. The tra¥Z promoter was localized between the traJ and traY genes, but its exact location was not

etermine
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FIG. 3. Comparison of plasmid F (first line) and plasmid R1-19 (second line) traM open reading frames. Nonhomologous residues are
boxed. The traM sequence for plasmid F is from Thompson and Taylor (30).

(31; Fig. 3). The DNA sequences encoding the amino-
terminal regions of the traM gene products from the F and
R1-19 plasmids differed quite significantly, and this differ-
ence was reflected in the protein sequences. Beyond residue
40 (nucleotide 592) there was a high level of protein homol-
ogy, although there was a charge difference (Lys versus Glu)
at residue 123.

The traM gene product from plasmid F is an inner mem-
brane protein which does not undergo proteolytic processing
(1). Although the amino-terminal protein sequences of the
traM gene products from plasmid R1-19 and F are different,
neither resembles the classical hydrophobic signal sequence
(15), and it is not known how this protein enters the inner
membrane.

Six nucleotides upstream of the traM start codon is a
strong (five nucleotide) ribosome binding site (28). The RNA
transcript and putative promoter for the F plasmid traM gene
have been mapped (30), and there was no homologous
sequence in the R1-19 plasmid. There was a possible pro-
moter upstream of the traM gene in R1-19 (Fig. 2) which
resembled the consensus promoter sequence (12, 24).

In plasmid F, immediately downstream of the traM stop
codon, there is a region of dyad symmetry, followed by
several thymine residues, which may be responsible for
transcriptional termination of the traM transcript (30). The
R1-19 plasmid had a small (5 base pair) region of dyad
symmetry starting at position 869 (Fig. 2). It is possible that
this was the R1-19 traM transcription terminator, but the
resemblance to a rho-independent consensus terminator
sequence (24) was weak.

R1-19 finP gene. The regions encoding the finP genes in the
R1-19 and F plasmids were very similar. The inverted repeat
sequences thought to be involved in firOP binding (fisO;
[20]) were conserved, but the seven nucleotides between
these areas of dyad symmetry (positions 1000 to 1006) were

different. These changes would affect the proposed 24-
amino-acid finP peptide (20) (starting at position 1027 and
proceeding in the direction opposite to traJ transcription to
position 955) by changing Thr-6 Ser-7 to Arg-6 Pro-7. If the
finP product is an RNA molecule, these changes would
affect the loop in a stem-and-loop structure, possibly provid-
ing the required finP plasmid specificity (see Discussion).

The proposed finP promoter in plasmid F is located within
the sequence encoding the amino-terminal area of the traJ
protein, with transcription proceeding in the opposite direc-
tion to that of traJ transcription (20). Because DNA homol-
ogy between the F and R1-19 plasmids disappeared at
position 1054, this should have affected the predicted finP
promoter. However, the putative Pribnow box (TACGAT
[Fig. 2]) was identical to that of plasmid F (30), and the —35
region (TTGACT) differed by only one nucleotide (Tjgg6 in
R1-19 is a G in plasmid F). The sequence between these
areas showed no homology, nor did the surrounding regions.
The opposite strand of the small inverted repeat previously
mentioned as a possible termination signal for traM tran-
scription (positions 886 to 869) may also serve as a finP
terminator. When transcribed in the finP direction, this area
of dyad symmetry is followed by several thymine residues,
which are usually present in rho-independent terminators
(24).

R1-19 traJ gene. The F plasmid traJ gene product is
required for transcription of the traYZ operon (Willetts and
Maule, in press). The region encoding the traJ gene in F
plasmid and the equivalent area in R1-19 showed no homol-
ogy, which was in accordance with the findings of Alfaro and
Willetts (2), who demonstrated that R1-19 was unable to
complement an F plasmid traJ mutant (F lac traJ90). R1-19
encodes a 201-amino-acid (23,241 dalton) polypeptide (posi-
tions 1050 to 1652) in this nonhomologous area.

In plasmid F, the gene product of traJ is required for
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traYZ operon transcription (34). Fowler et al. (8) demon-
strated that a recombinant containing the traJ gene could
stimulate the traYZ promoter approximately 2.1-fold above
uninduced levels. To test whether the R1-19 plasmid has
analogous traJ-like activity, a 1,847-base-pair R1-19 Ahalll
fragment (pBF405; positions 200 to 2047) which contained
the traM and finP genes, the traYZ promoter, most of the
traY gene, and the putative rraJ polypeptide was cloned into
pACYC184. This chimera was able to increase transcription
of the R1-19 traYZ promoter (traYZp) 3.7-fold (Table 1).
Based on this increased transcription and the fact that
functions have been assigned to the remaining genes on this
fragment, we suggest that this chimeric protein is the traJ
equivalent in the R1-19 plasmid. It was similar in size to the
F plasmid traJ protein (27,031 daltons [8]). This R1-19 traJ
gene had ribosome-binding and translational start sites
which were homologous to those of the F plasmid traJ gene
(GGAGGTTCCTATG). Except for the finP promoter, there
was no homology at the DNA or protein level beyond
position 1054 (Met-1). F and R1-19 traJ proteins showed no
similarity in the secondary structures predicted by the algo-
rithms of Chou and Fasman (5) or Hopp and Woods (13)
(data not shown).

The F plasmid traJ protein is believed to be incorporated
into the outer membrane of bacteria without proteolytic
processing (1). Examination of the F plasmid protein se-
quence revealed neither a signal at the amino terminus nor
any apparent hydrophobic regions that would anchor the
protein in the outer membrane (8). The R1-19 rraJ sequence
also showed no apparent signal sequence or hydrophobic
domain. Fowler et al. (8) suggested that the tertiary structure
of the F plasmid traJ protein could bring together small
hydrophobic regions which could then form a hydrophobic
membrane-anchoring domain. The role of the traJ protein in
the outer membrane is currently unknown, and the paradox
of how an outer membrane protein can regulate a promoter
remains unresolved.

R1-19 traYZp. In plasmid F, traYZp is located between the
tral and traY genes (8, 20). Although there was no DNA
homology between the R1-19 and F plasmids in this area, the
gene products downstream of the traY gene were function-
ally interchangeable, and an analogous control system for
R1-19 was expected. To test for traYZp-like activity, a
320-base-pair "Sau3A fragment (nucleotides 1602 to 1922),
which extends from the end of the traJ gene to the beginning
of the traY gene, was cloned into the galK expression vector
pKO4-BamHI (18) and assayed for promoter strength. This
region had promoter activity by itself (Table 1). However,
when the R1-19 plasmid was present (i.e., a functional traJ
gene was supplied), this promoter was stimulated threefold.
When a chimera containing the traJ gene (pBF405) was
present, transcription from this promoter was increased
3.7-fold over uninduced levels. These results are very similar
to the results obtained with the F plasmid traYZp (8), which
showed a 2.1-fold increase when the F plasmid traJ gene was
present. (In our assay, a 1.9-fold increase was seen.) This
suggests that the DNA between the traJ and traY genes
contains the R1-19 traYZp. The F plasmid traJ gene was
unable to stimulate this promoter, and the R1-19 traJ gene
was unable to affect the F plasmid traYZp activity (Table 1),
confirming that plasmids R1-19 and F have different traJ
traYZp alleles (Willetts and Maule, in press).

The F plasmid traYZp has been sequenced (8) and encom-
passes a BstEII site between the traJ and traY genes (20).
The proposed —35 and —10 regions (CTGCAA and
GAAGAT) do not resemble the procaryotic prometer con-
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TABLE 1. Galactokinase assay of plasmids F and R1-19 traYZ
promoter activity

. traJ No. 9f
Plasmid(s) Promoter product galactqknanase

units
pKO4 None 63
pBF403 R1-19 traYZp 175
pBF403, R1-19 R1-19 traYZp R1-19 547
pBF403, pBF405 R1-19 traYZp R1-19 658
pBF403, pRS27 R1-19 traYZp F 246
pBF302 F traYZp 433
pBF302, pRS27 F traYZp F 807
pBF302, pBF405 F traYZp R1-19 373
pKL200 lac 646

2 Nanomoles of galactose phosphorylated per minute per unit of optical
density at 650 nm.

sensus sequences (TTGACA and TATAAT) (12). This is not
surprising because fra¥YZp must contain a site for traJ
product interaction and positive control promoters usually
differ significantly from the procaryotic promoter consensus
sequence (23). When the R1-19 sequence between the traJ
and traY genes was compared with the consensus promoter
sequence, no homologous regions were found. There was
also no DNA homology between the R1-19 and F plasmids in
the traYZp region. Therefore, the R1-19 traYZp sequence
remains undefined but could be localized between the traJ
and rraY genes on a 320-base-pair Sau3A fragment.

In plasmid F, the traJ product is not only required for
traYZ operon transcription, but also possibility for rraM
transcription (11). In vitro studies on the fraM promoter
(traMp), which are contradictory to the above results, sug-
gest that the fraM promoter is constitutive (20). If this
promoter was under traJ control, a homologous sequence
between traMp and traYZp that the traJ product could
recognize would be expected. In the R1-19 plasmid, there is
an identical nine-nucleotide sequence 131 nucleotides up-
stream of the traM gene (nucleotides 342 to 350) and 122
nucleotides preceding the traY gene (nucleotides 1710 to
1718). These regions may be involved in traJ protein recog-
nition and interaction with these two promoters.

R1-19 traY gene. The F plasmid traY gene product, be-
lieved to be a component of the traY endonuclease (33), is
encoded by the region of DNA between traYZp and the traA
gene (8). When the analogous area of the R1-19 plasmid was
examined, a single open reading frame was found which
spanned nucleotides 1832 to 2257 (75 residues). Although
this region contained no AUGs, a GUG at nucleotide 1832
was preceded by a strong Shine-Dalgarno sequence
(GAGGT [29])) 7 residues upstream. Although AUG is the
usual start codon, there are several examples of GUG being
used as an initiation codon (17). This traY polypeptide was
75 residues in length (9,037 daltons) and could be aligned
with F plasmid traY gene product (Fig. 4), suggesting that it
is the R1-19 traY gene product.

The product of the traY gene from the R1-19 plasmid was
44 amino acids shorter than that of the F plasmid, leading to
a truncated amino-terminal region in the R1-19 protein. In
addition, the amino termini of the two gene products were
completely different. The protein homology between the
traY products from plasmids F and R1-19, starting at residue
62 in the F traY protein, was reflected in the DNA sequence;
there was extensive DNA homology in the latter half of the
traY genes of plasmids F and R1-19 which continues into the
traALE sequences (9).
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FIG. 4. Comparison of plasmid F (first line) and plasmid R1-19 (second line) traY open reading frames. the traY product from plasmid F
is 44 amino acids larger than the equivalent product from plasmid R1-19. Nonhomologous residues are boxed, and spaces were inserted to
allow maximum alignment. The traY sequence for plasmid F is from Fowler et al. (8).

DISCUSSION

In the IncF plasmid group, there are four oriT types
(F-like, R1-like, ColB4-like, and R100-like [Willetts and
Maule, in press]). The sequences of the F and R1-19 oriT
genes have been published (22, 31). There is a highly
homologous region that contains the three proposed nick
sites (31), corresponding to nucleotides 1 to 173 in Fig. 2,
followed by a sequence between nucleotide 174 and the traM
gene that is nonhomologous and may be involved in binding
of the plasmid-specific gene products of traY and traM as
part of the process of DNA metabolism during DNA transfer
(33). The traY gene products of the F, R1-19, and R100
plasmids are not interchangable (Willetts and Maule, in
press), and because the traZ products of the R1-19 and F
plasmids can complement each other (6), Willetts and Maule
have suggested that the conserved traZ protein is the com-
ponent of the traYZ endonuclease that actually nicks at the
homologous oriT sequences, whereas the plasmid-specific
traY product binds to the DNA at the nonhomologous
sequence within the oriT region.

The traM gene product is also oriT specific and not
interchangeable among F-like plasmids (Willetts and Maule,
in press). It is believed to be involved in triggering conjugal
DNA replication, possibly by binding at or near the oriT
region (33). Since the traM gene product is plasmid specific,
it may also recognize this area of nonhomology. Compari-
sons of the protein-sequences of the traM proteins from the
F and R1-19 plasmids revealed several nonhomologous areas
(Fig. 3) which may be responsible for determining the
plasmid specificity, although the majority of the differences
are located within the first 40 residues.

Mullineaux and Willetts (20) have suggested that the
product of the finP gene is a short RNA molecule that is
capable of preventing transcription or translation or both of
the traJ gene by interacting with its complementary RNA or
DNA molecule, similar to the control of plasmid replication
(26). The presence of a nonhomologous 7-nucleotide loop
flanked by homologous inverted repeats suggests that this
loop could provide the finP plasmid specificity, possibly by
allowing complementary base pairing at the loop when the

finP gene is present, much like the RNA I interactions with
the RNA primer in ColE1 plasmid replication (26).

The site of finOP action (fisO) has been reported to include
both inverted repeats and the sequence immediately down-
stream (20). Because this area (except the loop) was con-
served between the F and R1-19 plasmids, the finO product,
which is relatively nonspecific (Willetts and Maule, in press),
probably recognizes this homologous area.

Although the —10 (nucleotide 1062) and —35 (nucleotide
1086) promoter regions of the R1-19 finP gene were highly
homologous to those of the F plasmid (11 to 12 nucleotides),
the intervening and surrounding sequences (in the amino-
terminal area of the fraJ gene) were completely different.
This is also true for the R100-1 plasmid (unpublished re-
sults). The significance of this promoter conservation is
unclear at present.

The plasmid specificity of the traJ traYZp allele is closely
linked to that of the oriT traY, traM, and finP alleles (Willetts
and Maule, in press). When traJ traYZp sequences from the
F (type I) and R1-19 (type III) plasmids were compared, no
homology was found, although they are analogous systems.
Both traJ products, when supplied in trans, increased tran-
scription from their respective traYZp by similar levels,
yielding similar amounts of highly homologous traYZ tran-
script. Because the F and R1-19 traJ products interacted
with their traYZp DNA, we examined both proteins for a
possible DNA binding site by using the consensus sequence
compiled by Ohlendorf et al. (21). However, we were unable
to identify any predicted DNA binding domains in either
protein sequence.

We are currently sequencing the remaining finP, traJ
traYZp, and oriT traM traY alleles identified for IncF plas-
mids (Willetts and Maule, in press), and this should provide
information regarding the structure and function of these
homologous or analogous genes and their products.

ACKNOWLEDGMENTS

We thank A. Opgenorth for preliminary sequence data and K.
Ippen-lhler, E. Minkley, and N. Willetts for helpful discussions.
This work was supported by the Medical Research Council of



374

FINLAY ET AL.

Canada. B.B.F. is a recipient of a Studentship from the Alberta
Heritage Foundation for Medical Research.

10.

11.

12.

13.

14.

15.

16.

LITERATURE CITED

. Achtman, M., P. Manning, C. Edelbluth, and P. Herrlich. 1979.

Export without proteolytic processing of inner and outer mem-
brane proteins encoded by F sex factor tra cistrons in E. coli
minicells. Proc. Natl. Acad. Sci. USA 76:4837-4841.

. Alfaro, G., and N. Willetts. 1972. The relationship between the

transfer systems of some bacterial plasmids. Genet. Res.
20:279-289.

. Birnboim, H. C., and J. Doly. 1979. A rapid alkaline extraction

procedure for screening recombinant plasmid DNA. Nucleic
Acids Res. 7:1513-1523.

. Chang, A. C. Y., and S. N. Cohen. 1978. Construction and

characterization of amplifiable multicopy DNA cloning vehicles
derived from the P1SA cryptic miniplasmid. J. Bacteriol.
134:1141-1156.

. Chou, P. Y., and G. D. Fasman. 1978. Prediction of the

secondary structure of proteins from their amino acid sequence.
Adv. Enzymol. 47:45-148.

. Everett, R., and N. Willetts. 1980. Characterization of an in vivo

system for nicking at the origin of conjugal DNA transfer of the
sex factor F. J. Mol. Biol. 136:129-150.

. Finlay, B. B., L. S. Frost, and W. Paranchych. 1984. Localiza-

tion, cloning, and sequence determination of the conjugative
plasmid ColB2 pilin gene. J. Bacteriol. 160:402-407.

. Fowler, T., L. Taylor, and R. Thompson. 1983. The control

region of the F plasmid transfer operon: DNA sequence of the
traJ and traY genes and characterization of the traYZ promoter.
Gene 26:79-89.

. Frost, L. S., B. B. Finlay, A. Opgenorth, W. Paranchych, and

J. S. Lee. 1985. Characterization and sequence analysis of pilin
from F-like plasmids. J. Bacteriol. 164:1238-1247.

Frost, L. S., W. Paranchych, and N. S. Willetts. 1984. DNA
sequence of the F traALE region that includes the gene for F
pilin. J. Bacteriol. 160:395—401.

Gaffney, D., R. Skurray, and N. Willetts. 1983. Regulation of the
F conjugation genes studied by hybridization and tra-lacZ
fusion. J. Mol. Biol. 168:103-122.

Hawley, D., and W. McClure. 1983. Compliation and analysis of
Escherichia coli promoter DNA sequences. Nucleic Acids Res.
11:2237-2255.

Hopp, T. P., and K. R. Woods. 1981. Prediction of protein
antigenic determinant from amino acid sequences. Proc. Natl.
Acad. Sci. USA 78:3824-3828.

Humphreys, G., G. A. Willshaw, and E. S. Anderson. 1975. A
simple method for the preparation of large quantities of pure
plasmid DNA. Biochim. Biophys. Acta 383:457—463.

Inouye, S., X. Soberon, T. Francheschini, K. Nakamura, K.
Itakura, and M. Inouye. 1982. Role of positive charge on the
amino-terminal region of the signal peptide in protein secretion
across the membrane. Proc. Natl. Acad. Sci. USA 79:3438-
3441.

Koronakis, V. E., E. Bauer, and G. Hogenauer. 1985. The traM
gene of the resistance plasmid R1: comparison with the corre-
sponding sequence of the Escherichia coli F factor. Gene

17.

18.

19.
20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

3s.

J. BACTERIOL.

36:79-86.

Kozak, M. 1983. Comparison of initiation of protein synthesis in
procaryotes, eucaryotes, and organelles. Microbiol. Rev.
47:1-45.

McKenney, K., H. Shimatake, D. Court, U. Schmeissner, and M.
Rosenberg. 1981. A system to study promoter and terminator
signals recognized by E. coli RNA polymerase, p. 383-415. InJ.
Chirikjian and T. Papas (ed.), Gene amplification and analysis,
vol. 2. Elsevier/North-Holland Publishing Co., New York.
Meynell, E., and N. Datta. 1967. Mutant drug resistant factors of
high transmissibility. Nature (London) 214:885-887.
Mullineaux, P., and N. Willetts. 1984. Promoters in the transfer
region of plasmid F, p. 605-614. Irn D. Helinski, S. Cohen, D.
Clewell, and A. Hollaender (ed.), Plasmids in bacteria. Plenum
Publishing Corp., New York.

Ohlendorf, D., W. Anderson, M. Lewis, C. Pabo, and B.
Matthews. 1983. Comparison of the structures of cro and lambda
repressor proteins from bacteriophage lambda. J. Mol. Biol.
169:757-769.

Ostermann, E., F. Kricek, and G. Hogenauer. 1984. Cloning the
origin of transfer region of the resistance plasmid R1. EMBO J.
3:1731-1735.

Raibaud, O., and M. Schwartz. 1984. Positive control of tran-
scription initiation in bacteria. Annu. Rev. Genet. 18:173-206.
Rosenberg, M., and D. Court. 1979. Regulatory sequences
involved in the promotion and termination of RNA transcrip-
tion. Annu. Rev. Genet. 13:319-353.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain terminating-inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

Scott, J. R. 1984. Regulation of plasmid replication. Microbiol.
Rev. 48:1-23.

Sharp, P. A., S. N. Cohen, and N. Davidson. 1973. Electron
microscope heteroduplex studies of sequence relations among
plasmids of E. coli. I1. Studies of drug resistance (R) factors and
F factors. J. Mol. Biol. 75:235-255.

Shine, J., and L. Dalgarno. 1975. Determinant of cistron speci-
ficity in bacterial ribosomes. Nature (London) 254:34-38.
Skurray, R., H. Nagaishi, and A. Clark. 1976. Molecular cloning
of DNA from F sex factor of E. coli K-12. Proc. Natl. Acad. Sci.
USA 73:64-68.

Thompson, R., and L. Tayler. 1982. Promoter mapping and
DNA sequencing of the F plasmid transfer genes traM and traJ.
Mol. Gen. Genet. 188:513-518.

Thompson, R., L. Taylor, K. Kelly, R. Everett, and N. Willetts.
1984. The F plasmid origin of transfer: DNA sequence of
wild-type and mutant origins and location of origin-specific
nicks. EMBO J. 3:1175-1180.

Vieira, J., and J. Messing. 1982. The pUC plasmids, an M13
mp7-derived system for insertion mutagenesis and sequencing
with synthetic universal primers. Gene 19:259-268.

Willetts, N., and B. Wilkins. 1984. Processing of plasmid DNA
during bacterial conjugation. Microbiol. Rev. 48:24-41.

. Willetts, N. S., and R. Skurray. 1980. The conjugation system of

F-like plasmids. Annu. Rev. Genet. 14:41-76.

Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13mp18 and pUC19 vectors. Gene 33:103-119.




