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The nucleotide sequence of part of the tra region of R100 including traJ and traY was determined, and the
products of several tra genes were identified. The nucleotide sequence of traJ, encoding a protein of 223 amino
acids, showed poor homology with the corresponding segments of other plasmids related to R100, but the
deduced amino acid sequences showed low but significant homology. The first four amino acids at the
N-terminal region of the TraJ protein were not essential for positive regulation of expression of traY, the first
gene of the traYZ operon. The nucleotide sequence of traY shows that this gene may use TTG as the initiation
codon and that it encodes a protein of 75 amino acids. Analysis of the traY gene product, which was obtained
as the fusion protein with ,l-galactosidase, showed that the N-terminal region of the product has an amino acid
sequence identical to that deduced from the assigned frame but lacks formylmethionine. traY of plasmid F,
which encodes a larger protein than the TraY protein of R100, is thought to use ATG as an initiation codon.
However, a TTG initiation codon was found in the preceding region of the previously assigned traY coding
frame of F. Interestingly, when translation of traY of F was initiated from TTG, the amino acid sequence
homologous to the TraY protein of R100 appeared in tandem in the TraY protein of F. This may suggest that
traY of F has undergone duplication of a gene like the traY gene of R100.

Resistance (R) plasmids such as R100 and Rl, belonging to
the FII incompatibility group (4), confer conjugal transfer
ability, a process in which DNA is transmitted from one
bacterial host to another; this requires cell-to-cell contact
and synthesis of sex pili by donor bacteria (for reviews, see
references 21, 47, and 48). These plasmids share homology
with the fertility factor, F, in the tra region, which is
responsible for DNA transfer (41) and which is about 33
kilobase pairs in length. The tra region of F contains at least
26 genes which are organized into three main operons, traM,
traJ, and traYZ (2, 19; for a review, see reference 21).
Transcription of the tra YZ operon in F and Rl has been
shown to be positively regulated at promoter pyz by the
product of traJ (8, 12, 13, 16, 32). Expression of traJ itself is
repressed by the fertility inhibition complex, FinOP, which
is composed of the products of two genes, finO and finP,
encoded by the R plasmids and F (11, 16, 32). The initial
event in DNA transfer upon expression of the tra YZ operon
is strand- and site-specific nicking at the origin of transfer,
oriT, by the plasmid-specified endonuclease, which is
thought to be a complex of the products of tra Y and traZ (5).

In this paper, we report the nucleotide sequence of the
promoter-proximal region of tra of R100, including traJ and
traY, and the identification of gene products of this region.
The TraJ protein of R100 may positively regulate expression
of the tra Y gene of R100, which is shown to use TTG as the
initiation codon. We point out that traY of F is a gene
consisting of the two DNA segments, each of which is
homologous to tra Y of R100. This may indicate a simple but
clear example for gene duplication giving rise to a polypep-
tide with two identical domains.

MATERIALS AND METHODS
Bacterial strains and plasmids. The Escherichia coli K-12

strains used were JM109 [recAl A(lac-pro) endAl gyrA96
thi-l hsdRJ 7 supE44 relAl X-/F' traD36proAB lacl9ZAM15]

* Corresponding author.

(49), CSR603 [F- uvrA6 recAl phr-J thr-J leuB6 proA2 thi-J
argE3 lac YJ galK2 ara-14 xyl-S mtl-l rpsL31 (Strr) tsx-33
supE33] (39), and MC1000 [F- araD139 A(ara-leu)7697 Alac
X74 galU galK strA] (3).
The plasmids used were R100 (33), pUC19 (49), and

pJG200 (17). The pSI plasmids used, except pSI200, are
listed in Fig. 1. They were constructed as described below.

Construction of pSI plasmids. pSI28 and pSI87 were con-
structed by cloning the EcoRI r4 fragment of R100 into
pUC19. They were isolated from Lac- and Ampr (ampicillin
resistance) transformants of JM109. The other pSI plasmids
were obtained from pSI28 and pSI87 as follows. pSI28-S2
was constructed by ligation of pSI28 after it was partially
digested with SmaI. pSI28-B3 and pSI28-B4 were con-
structed by ligation of pSI28 after it was partially digested
with BamHI. pSI87-B19 and pSI87-B18 were constructed by
ligation of pSI87, which was partially digested with BamHI.
pSI87-S5 was constructed by ligation of pSI87 after it was
partially digested with SmaI. pSI87-BB was obtained by
ligation of pSI87-B18 after it was digested with BglII and
BamHI. pSI87-A2 and pSI87-A9 were constructed by liga-
tion of pSI87 after it was partially digested with AccI and
then treated with DNA polymerase I (Klenow) to blunt the
cohesive ends. pSI87-ES3 was constructed by ligation of
pSI87-B19 after it was partially digested with EcoRV, com-
pletely digested with SaII, and then treated with DNA
polymerase I (Klenow). pSI87-XS5 was constructed by
ligation of pSI87-B19 after it was partially digested with
XmnI, completely digested with Sall, and then treated with
DNA polymerase I (Klenow). pSI87-HE was constructed by
ligation of pSI87-B18 after it was digested with HpaI and
EcoRI and then treated with DNA polymerase I (Klenow).
pSI87-BE was constructed by ligation of pSI87-B19 after it
was digested with BglII and EcoRI and then treated with
DNA polymerase I (Klenow). pSI87-AE was constructed by
ligation of pSI87-A9 after it was digested with AccI and
EcoRI and then treated with DNA polymerase I (Klenow).
pSI87-XE1 and pSI87-XE2 were obtained by ligation of
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FIG. 1. Structures of R100 and pSI plasmids. (A) A circular map of R100 with the kilobase-pair coordinate 89.3/0 (34; see also reference

50). Positions of the EcoRI fragments (35, 42) are shown inside the circle. The resistance determinant region, flanked by the insertion sequence
IS] (small open boxes), and the tetracycline resistance transposon TnlO, flanked by ISIO (large open boxes), are shown. tra, oriT, and finO
are explained in the text. The EcoRI fragment r4, approximately 11.7 kilobase pairs in length, and a second region of about 4 kilobase pairs
are expanded. The structures of the pSI plasmids are shown below the expanded area. The expanded region also shows major restriction sites
and the tra genes which were deduced from the nucleotide sequence relations between F and R100. Solid lines show portions of the r4

fragment carried by the plasmids. In each pSI plasmid, the orientation of the sequence of the vector plasmid pUC19, carrying the lacZ' gene

(open arrow) and the lacPO region, which contains multiple cloning sites, such as EcoRI, SmaI, BamHI, AccI, and Sail, is shown. Note that
all the plasmids derived from pSI28 and pSI87 lack one of the two EcoRI sites located between the lacPO and R100 sequences in pSI28 and
pSI87, while the last five derivatives shown at the bottom of panel A also lack the other EcoRI site located between the lacZ' and R100
sequences. This occurred during the construction of these plasmids from pSI28 and pSI87, as described in Materials and Methods. The
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traJ AND traY GENES OF R100 2751

pSI87-B19 after it was partially digested with XmnI, com-
pletely digested with EcoRI, and then treated with DNA
polymerase I (Klenow). All the pSI plasmids were obtained
from Ampr transformants of JM109.
The construction of pSI200 is described in Results.
Media. The culture media used were LB broth (31), L-rich

broth (50), and 4) medium (50). 4) medium was used for
transformation of plasmid DNA. For transformation of plas-
mid DNA, we used the procedures previously described
(50). L-agar plates contained 1.5% Bacto-Agar (Difco Lab-
oratories) in LB broth. The agar plates used to select Lac-
and Ampr transformants contained 50 ,ug of ampicillin
(Sigma Chemical Co.) per ml, 40 p,g of 5-bromo-4-chloro-3-
indolyl-o-D-galactopyranoside (Sigma) per ml, and 140 mM
isopropyl-o-D-thiogalactopyranoside (IPTG) (Sigma).
Enzymes. Restriction endonucleases (EcoRI, HpaI,

EcoRV, AccI, BamHI, BglII, Sall, and SmaI), T4 DNA
ligase, and the Klenow fragment of DNA polymerase I were
obtained from Takara Shuzo Co. Restriction endonuclease
XmnI was obtained from New England BioLabs, Inc. Ribo-
nuclease A was purchased from Sigma. All enzymes were
used as recommended by their suppliers.
DNA preparation. The E. coli strain harboring a plasmid

was grown in L-rich broth. Plasmid DNA was isolated as
described by Ohtsubo et al. (34). The crude lysis method was
used to check and isolate a small amount of plasmid DNA
from large numbers of cell cultures (27). An alkaline lysis
method (28, 50) was used to prepare plasmid DNA for
nucleotide sequencing.

Nucleotide sequencing. Nucleotide sequences were deter-
mined by the dideoxynucleotide method (30, 40). We used
sequencing kits (Takara Shuzo), DNA polymerase I
(Klenow), a 15-mer M13 primer, Ml (Takara Shuzo), and a
17-mer reverse primer (Amersham Corp.). The DNA chains
were labeled with [t-32P]dCTP (Amersham) and were sepa-
rated on 8, 6, and 4% polyacrylamide gels containing 8 M
urea.

Identification of the tra gene products. Plasmid-carrying
derivatives of E. coli CSR603 were irradiated with UV light
according to the maxicell procedure (39), and proteins were
labeled with [3H]lysine (40 ,uCi in a 1-ml culture; Amer-
sham). The labeled proteins produced were analyzed on an
11% polyacrylamide gel containing 0.5% (wt/vol) sodium
dodecyl sulfate (SDS) (20). Protein molecular weight stan-
dards (Bethesda Research Laboratories, Inc.) were identi-
fied by staining with Coomassie brilliant blue (Sigma) ac-
cording to Fairbanks et al. (6). The SDS sample buffer (x2)
contained 20 mM sodium phosphate (pH 7.2), 4% (wt/vol)
SDS, 20% (wt/vol) glycerol, 20% (wt/vol) 2-mercaptoeth-
anol, and 0.01% (wt/vol) bromophenol blue.

Preparation of the j-galactosidase-specific affinity matrix.
p-amino-phenyl-,-D-thiogalactoside (TPEG) (Sigma) was at-
tached to ECH Sepharose 4B (Pharmacia Fine Chemicals)
with N-ethyl-N'-(3-dimethyl-aminopropyl)carbodiimide hy-
drochloride (Sigma). The gel was washed four times in turn
with 0.1 M Tris hydrochloride, 0.5 M NaCl (pH 8.0), and 0.1
M acetate buffer (pH 4.0) containing 0.5 M NaCl. It was then

washed with distilled water and AF buffer (20 mM Tris
hydrochloride, 10 mM MgCI2, 10 mM 2-mercaptoethanol,
1.6 M NaCl [pH 7.4]) and stored at 4°C.

Purification of the tripartite fusion protein. MC1000 har-
boring pSI200 was grown with aeration in 250 ml of L-rich
broth containing 0.2% (wt/vol) glucose and 50 ,ug of ampi-
cillin per ml at 30°C to an optical density of 0.5 to 0.6 at A6.,
and the culture was then incubated with aeration at 42°C for
1 h and chilled in an ice bath. (Unless otherwise indicated, all
subsequent operations were carried out at 0 to 4°C.) Cells
were harvested, washed with ice-cold AF buffer with 250
,uM phenylmethylsulfonyl fluoride, frozen in dry ice, and
stored at -70°C. The frozen cells were thawed, suspended
uniformly in 15 ml of ice-cold AF buffer with 250 ,uM
phenylmethylsulfonyl fluoride, sonicated in an ice bath by
using a Branson sonic oscillator until the cells were dis-
rupted, and centrifuged at 11,000 x g for 10 min to remove
unbroken cells. The membrane fraction was then removed
by centrifugation of the clarified extract at 70,000 x g for 1
h. The tripartite fusion protein was purified from the super-
natant by using TPEG-Sepharose according to the procedure
described by Ullmann (45). Borate buffer (100 mM sodium
borate, 10 mM 2-mercaptoethanol [pH 10.0]) was used to
elute the protein and was promptly replaced by buffer B (10
mM Tris hydrochloride, 250 mM NaCl, 10 mM CaCl2, 10
mM 2-mercaptoethanol [pH 7.4]) by using column PD-10
(Pharmacia). The presence of the tripartite fusion protein
was monitored by assaying 3-galactosidase activity as de-
scribed elsewhere (31) or by electrophoresis of the protein in
an SDS-8% polyacrylamide gel according to Laemmli (26).
Amino acid sequencing. A sample of the purified tripartite

fusion protein solution was dialyzed against several changes
of distilled water at 0°C and concentrated by using a centrif-
ugal evaporator (model EC-57; Sakuma) under reduced
pressure at room temperature until the volume was appro-
priate to apply to the sequencer. The sample was analyzed
for the N-terminal amino acid sequence with a gas phase
sequencer (model 470A Gas Phase Sequenator with an
on-line model 120A PTH Amino Acid Analyzer; Applied
Biosystems).
Computer analysis. Dot matrix analyses were performed

with the program developed by Y. Maeda in our laboratory,
using the PC-9801 personal computer system (Nippon Elec-
tric Co.). The amino acid sequences of TraJ proteins were
aligned by using the SEQHP program according to the
algorithm described by Goad and Kanehisa (18) on the
VAX/VMS at the Institute of Medical Science, University of
Tokyo.

RESULTS

Nucleotide sequence of the promoter-proximal region of the
tra region including traJ and traY. Fig. 1A represents a map of
R100 showing the location of EcoRI restriction fragments. It
has been shown that the promoter-proximal tra region was
present within the EcoRI fragment r4 of R100 (1, 7, 22). We
cloned the r4 fragment into plasmid pUC19 and obtained

structures of the plasmids were checked by sequencing. (B) The strategy used to determine the nucleotide sequence of the region carried by
pS187-ES3 is shown by arrows. The nucleotide sequences in the two regions containing finP and traA of R100 were identical to those of its
derivative, R100-1, which have been previously reported (10, 14). McIntire and Dempsey (29) have reported the nucleotide sequence
containing oriT, which shows the following differences from ours: A at position 7 in McIntire and Dempsey (29) was G in our sequence; T
at position 8 was C; T at 12 was C; C at 377 was T; G at 510 was A. The nucleotide sequences of the oriT, traM, finP, and traA-E regions
of R100 were highly homologous (more than 76%) with those of F (data not shown). (C) A schematic representation of the heteroduplexes
of R100 with F and Rl. These heteroduplexes were drawn on the basis of the electron microscopic data obtained by Sharp et al. (41).
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.1 100.
AAAAATGATGAGGAATAAAAAAGAATTAAAAGTTGATTTACTTCAAATAACAGGATTTTGATCTGGTTCAATTTGATGACAATTAACCACATAAMGGTTATATTAATTATGTGGTTAATG
LysAsnAspGluG1urn*: traM 1

200. traJ BamHI
CCACGTTAAAACAGATATTAAAAATCGCCGATGCAGGGAGAGCGAC;I;C~CCGCATCGACTGTCCATAGAATCCTTTGAG ~CCTATGTATCCGACGGATCCTAGACAACTTAA

MetTyrProThrAspProArgGlnLeuAs
300.

TACTGAACGTCAAATATATTTGGATAAACAGTTTTTTGTCGATGTTTTTTCAATCCCTGCTTGTGTTCGAAATACTAATGGAGATTTTATCGGCTACAATGAAAAATTCTCTAAAGAATT
nThrGluArgGlnlleTyrLeuAspLysGlnPhePheValAspValPheSerIleProAlaCysValArgAsnThrAsnGlyAspPhelleGlyTyrAsnGluLysPheSerLysGluPh

400.
TATAGGTAGTCTTGATATCAAAGAGTGGTTTTACTCCCTTCCTGTACAAGTAGCTACATCGTTCTTAAGAGAAGAACTGGATGCTATGTCTTTGCCTTCGTCCATGAATAAAATACAGAG
elleGlySerLeuAspIleLysGluTrpPheTyrSerLeuProValGlnValAlaThrSerPheLeuArgGluGluLeuAspAlaMetSerLeuProSerSerMetAsnLysIleGlnSe

500. 600.
CGTGGCTATAGGTGATAAACTCTGGCTGGTACAATTTATACCATTAATATATGGGGAGGTGGTTAATGTTTTATGGCTTTTTTTCTGCAAAAATTCTAATGTGATAGTGGATTATTGTAG
rValAlalleGlyAspLysLeuTrpLeuValGlnPhelleProLeulleTyrGlyGluValValAsnValLeuTrpLeuPhePheCysLysAsnSerAsnValIleValAspTyrCysAr

700.
AGGATTACGTACAAATATAACAAATGACAGAATGCTTGAATTTAAAAACMAATCAACGGAAATCCMATGGAAMGTTTTTATTCTTTATTCATTTGGTTTTTGTCATGAATCGATAGCATC
gGlyLeuArgThrAsnIleThrAsnAspArgMetLeuGluPheLysAsnLysSerThrGluIleGlnTrpLysValPheIleLeuTyrSerPheGlyPheCysHisGluSerIleAlaSe

800.
TCTTTTGTCTATTACTAATGGTTCTTCCCGGAATGCAATTTCAGAAGTGTATAAGTTTTTCGGTATACATTCAAAACATGATTTGTTAATGATTTTTCATACAAGCAGGATGCATAGTTT
rLeuLeuSerIleThrAsnGlySerSerArgAsnAlaIleSerGluValTyrLysPhePheGlylleHisSerLysHisAspLeuLeuMetIlePheHisThrSerArgMetHisSerLe

900.
ATTCTTTGATGAATTGTTTTTTATTTTAAAATGTGCTGAATAGTTGATGTTTCGTTTTTGTTAAAAACAAGGTGACATTATGTCACCTTGTTTTGTTAATGTAATTTACTCTATTTTCGT
uPhePheAspGluLeuPhePhelleLeuLysCysAlaGlu*

1000. traY
TTCTATTTTTATGGATTCGTATAATTATATTTAATTATCTAAGTGGCME~TTGAGCAGAAATAT AATAAGGCCTGCTCCGGGCAATAAAGTTTTACTGGTATTGGACGATG

MetSerArgAsnIlelleArgProAlaProGlyAsnLysValLeuLeuValLeuAspAspA
1100. 1200.

CTACTAATCACAAGCTCTTAGGTGCCCGGGAACGTAGTGGGAGAACAAAAACTAATGAGGTGCTAGTCAGGTTACGTGATCATCTGAACCGTTTTCCTGACTTTTATAATCTGGATGCAA
laThrAsnHisLysLeuLeuGlyAlaArgGluArgSerGlyArgThrLysThrAsnGluValLeuValArgLeuArgAspHlisLeuAsnArgPheProAspPheTyrAsnLeuAspAlaI

BglII . traA 1300.
TAAAGGAGGGAGCAGAGGAAACTGATTCGATAATTAAAGATCTTAGGTTTATTAATCTATCCACAATA ACTTATGAATACTGTTTTAAGTGTT
leLysGluGlyAlaGluGluThrAspSerIleIleLysAspLeu* MetAsnThrValLeuSerVal

FIG. 2. Nucleotide sequence of the region of R100 containing traJ and traY. The two possible reading frames for the TraJ and TraY
proteins are shown. They are flanked by the C-terminal region of the TraM protein and the N-terminal region of the TraA protein, both of
which show a strong homology with those of F and Ri (R1-19), which have been reported previously (8, 14, 15, 25). Asterisks show the
termination codons of tra genes. The nucleotide sequence of R100 shown may also containfinP, but it is not assigned here. Shine-Dalgarno
sequences are boxed. Inverted repeats are shown by arrows. The BamHI and BgIII sites used to construct pSI200 (see Fig. 4) are shown. The
nucleotide sequence from position 1 to 379 is identical with that previously reported (7). The nucleotide sequence from position 990 to 1289
is identical with that of R100-1, a derivative of R100 (9).

plasmids pSI28 and pSI87 (Fig. 1A). We then reconstructed
a series of derivatives having deletions in various portions of
the r4 fragment, as depicted in Fig. 1A. These plasmids were
very useful for the experiments described below.
We determined the nucleotide sequence of the 3,267-base-

pair region carried by plasmid pSI87-ES3 by using the pSI
plasmids obtained above. On the basis of the homology
between the nucleotide sequence of R100 with that of F,
which has been previously reported (12, 15, 43, 44), the
region sequenced was found to contain traM, finP, traA,
traL, part of traE, the origin of transfer (oriT), and possibly
the traJ and tra Y genes, which are of interest in the present
study. The regions are schematically represented in Fig. 1A.
(See the legend to Fig. 1 for information on these nucleotide
sequences, except for those of traJ and tra Y.)

Figure 2 shows the nucleotide sequence of the region
presumably containing traJ and traY of R100. Portions of
this sequence have been reported previously (7, 9; see the
legend to Fig. 2). There are two open reading frames in this
region. One is from nucleotide 212 to 880, covering 669 base
pairs and encoding 223 amino acids (Fig. 2). This coding
region must be the traJ gene of R100, since it is located
immediately downstream of the traM coding sequence iden-
tified in this region (Fig. 2). The nucleotide sequence of this
region showed poor homology (about 50%) with the traJ
coding sequences of F (12) and Ri (8, 24). Presumably the
traJ sequence is lying in a small nonhomologous region that
was found within the long homologous region between R100
and F or Ri shown by electron microscope heteroduplex
analysis (see the mismatched regions depicted in Fig. 1C).

Downstream of traJ of R100, there is a 15-base-pair inverted
repeat sequence which is GC rich and is flanked by a stretch
of four adenines and four thymines (Fig. 2), a typical
Rho-independent terminator for transcription starting from
either direction (36).
The second open reading frame located downstream of

traJ must be the tra Y gene of R100 and covers 225 base pairs
from nucleotide 1020 to 1244, encoding 75 amino acids to
yield a protein of molecular weight 8,542. traY of R100 is
likely to start with the rare initiation codon TTG, which is
preceded by a very good Shine-Dalgarno sequence (Fig. 2).
The coding sequence is identical with that of R100-1, a
derivative of R100, which has been reported previously (9).
The promoter pyz for the tra YZ operon of F and Rl has been
mapped between the distal region of the traJ coding frame
and the region preceding tra Y (12, 13, 24). The possible pyz
of R100 did not show much homology with the pyz se-
quences reported for F or Ri (data not shown).

Identification of the TraJ protein. To identify tra proteins,
several pSI plasmids, all of which carried a portion of the
R100 sequence determined above, were introduced into E.
coli CSR603 and the proteins produced were analyzed
according to the maxicell procedure. Maxicells harboring
pSI87-ES3, which carries the R100 sequence containing all
the tra genes in the r4 fragment (Fig. 1A), produced several
protein bands in a polyacrylamide gel (Fig. 3). Maxicells
harboring another pSI plasmid with a deletion in the R100
sequence produced fewer bands. No protein bands were
produced in maxicells harboring plasmid pUC19 or no
plasmid, except for the ,B-lactamase band encoded by

J. BACTERIOL.
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FIG. 3. Autoradiogram of an SDS-11% polyacrylamide gel show-

ing the tra gene products encoded by pSI plasmids. On the top are
indicated the plasmids used in each lane. Samples were labeled with
[3H]lysine according to the maxicell procedure described in Mate-
rials and Methods. Identified protein bands are shown on the right
side of the gel. Possible truncated proteins from the genes of tra
fused with the pUC sequence are marked with an asterisk. Sizes of
markers are indicated in kilodaltons on the left side of the gel. pBla
and Bla denote pre-p-lactamase and mature ,-lactamase, respec-
tively, produced from the ampicillin resistance gene bla carried by
pUC19. Xl indicates the protein produced by a gene which may
exist upstream from the oriT sequence. X2 might represent degra-
dation products of some of the proteins.
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pUC19. Considering the sequences present in pSI plasmids
and the molecular weights of tra proteins expected from the
presumptive coding regions and from the presumptive tra
genes fused with the pUC19 sequence, most of the bands
could be assigned, as shown in Fig. 3. The TraJ protein,
which was of interest to us, could be identified, because
maxicells harboring a plasmid carrying the traJ sequence,
for example, pSI87-BE (Fig. 1), produced the TraJ protein
band, while the plasmid carrying no or an incomplete traJ
coding region, for example, pSI87-AE (Fig. 1), did not (Fig.
3).

Identification of the TraY protein, which is also of interest
to us, was not possible, however. Plasmid pSI87-A2 (or
pSI87-XS5) carrying tra Y of R100 seemed to produce a band
of a protein which comigrated with the TraL protein (10,527
daltons), significantly larger than the expected size of the
TraY protein (8,542 daltons), although plasmid pSI87-BB,
deleted for most of traY (Fig. 1), did not seem to produce
such a protein (Fig. 3). Also, a possible truncated protein
encoded by the fusion gene between traY and the pUC
sequence was identified in the maxicells carrying pSI87-BE
(Fig. 3), although the size observed (5.8 kilodaltons [kDa])
was significantly smaller than the expected one (9611 dal-
tons).

Identification of the TraY protein. To determine that tra Y
of R100 produces a protein which is translated by using TTG
as the initiation codon, we constructed a fusion gene be-
tween traY and lacZ encoding ,3-galactosidase (LacZ) and
analyzed the product of the gene. Figure 4 depicts the
strategy for construction of the plasmid carrying the fusion
gene. We first isolated the 1,015-base-pair BamHI-BgIII
fragment containing a traJ-tra Yregion of pSI87-B19 in which
traJ is deleted for its N-terminal region and traY is deleted
for the C-terminal region (Fig. 4; see also Fig. 2). This
fragment was cloned into the BamHI site of vector plasmid
pJG200, which carries a gene encoding a fusion protein

*-857 J jy Y IIacZ /z\ .pSI200

SD BamH I :Bgl II/BamH 1I
--ACTAAGGAGGTTGTATGA CTAGACA .----- ATTAA$TCTGGTCCT--------CATGGTGATCCCGTCGTT-----
--TGATTCCTCCAACATACCTA GATCTGTT----------TAATTT TA&ACCAGGA--------GTACCACTAGGGCAGCAA-----

MetAspProArgGln--- ---I:leLysAspProGlyPro --------HisGlyAspProValVal---
Crox Tra,J L,.Tr 1 Col lage- Il LacZ-J

FIG. 4. Construction of pSI200. Only portions of the circular plasmids important for the construction of pSI200 are shown. A detailed
description of the structures of the plasmids and of the procedure for construction of pSI200 is given in Results. Genes such as traJ (J), tra Y
(Y), c1857, the collagen gene, and lacZ are shown by thick open arrows to indicate the orientations of their reading frames. The initiation
triplet of the cro gene is also shown. The promoter for cro (PR) and the promoter for the tra YZ operon (pyz) are shown. The nucleotide
sequences and the amino acid sequences of the three junctions (between cro and traJ, between tra Y and the collagen gene, and between the
collagen gene and lacZ) are shown below pSI200. Shine-Dalgarno sequences are shown by boldface letters.
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FIG. 5. An SDS-8% polyacrylamide gel, stained with Coomassie
blue, showing the tripartite fusion protein. Lanes: 1, total proteins
from MC1000, harboring plasmid pSI200, before heat induction; 2,
total proteins from MC1000, harboring pSI200, after heat induction;
3, proteins in the supernatant fraction obtained by sedimentation at

70,000 x g from total proteins prepared after heat induction; 4,
proteins retained in a TPEG-Sepharose column from samples used
in lane 3. The position of the band of the tripartite protein is
indicated by thick arrows. The molecular mass standards used were

myosin (200 kDa), P-galactosidase (116.25 kDa), phosphorylase b
(92.5 kDa), bovine serum albumin (66.2 kDa), and ovalbumin (45
kDa), whose electrophoretic band positions are shown by thin
arrows in the same order from top to bottom.

consisting of three segments, i.e., Cro of bacteriophage
lambda, collagen, and P-galactosidase, and which has a

BamHI site between the initiation codon of cro and the
coding frame for collagen-LacZ (17) (Fig. 4). Note that in
this vector plasmid, the promoter for the gene has been
derived from the cro gene and transcription of the gene from
the A PR promoter therefore is under control of the temper-

ature-sensitive repressor, the product of c1857, which is also
carried by pJG200 (17) (Fig. 4). The resulting recombinant
plasmid, pSI200, contains two fusion genes; one consists of
the ATG of cro and the traJ coding region in frame, and the

other consists of tra Y and the collagen-lacZ coding region,
also in frame (Fig. 4). In the former fusion gene, the amino
acid sequence Met-Tyr-Pro-Thr of the N terminus of the
TraJ protein was replaced by one amino acid, methionine, to

give an altered TraJ protein (called TraJ'), while in the latter,

one amino acid, leucine, at the C terminus of the TraY
protein was replaced by collagen-LacZ to give a tripartite
protein, TraY-collagen-LacZ.
We expected that inactivation of the X repressor at 42°C

would produce the TraJ' protein, which might still retain its
function in activating transcription from pyz, resulting in
production of the tripartite protein. Thus, in order to obtain
the tripartite protein, cells harboring pSI200 were grown to
mid-log phase at 30°C and then incubated at 42°C for 1 h. The
P-galactosidase activity increased from 54 to 5,405 U after
the temperature shift. A new band of a large protein ap-
peared after induction (Fig. 5, lane 2). This band was not
observed in the host harboring pSI200 when grown at 300C
(Fig. 5, lane 1) and in the host harboring no plasmid when
grown at 420C (data not shown). The size of the induced
protein (about 123 kDa), which migrates at a position above
the intact P-galactosidase (about 116 kDa) used as a marker,
agrees with the expected size of the tripartite fusion protein
(130 kDa).

Destruction of the traY coding region by inserting four
bases with DNA polymerase I (Klenow) at the BamHI site
located at the N-terminal region of traJ' in pSI200 resulted in
no overproduction of the tripartite protein, because the
P-galactosidase activity was increased to only 128 from 13 U
after induction of the product of the mutagenized traJ' gene.
This suggests that transcription from the promoter for traJ'
does not read through into traY, probably because of the
presence of the terminatorlike sequence located immediately
downstream of traJ.
The tripartite protein could be purified to homogeneity by

selective binding to and elution from a P-galactosidase
specific-affinity column, as shown in Fig. 5, lane 4. Ten
amino acids in the N-terminal region of the purified protein
were determined. The 1st amino acid was not detected
clearly, but the 2nd to 10th amino acid residues were clearly
identified and corresponded to the 3rd to 11th residues
deduced from the nucleotide sequence of tra Y, although
some signals for other amino acids, possibly due to the
presence of contaminating polypeptides, were detected in
each degradation cycle during amino acid sequencing. The
second amino acid, which is serine in the deduced amino
acid sequence of the TraY protein, was not clearly detected
as the first amino acid in the purified tripartite protein, since
detection of the N-terminal amino acid is often difficult and
serine, particularly, gives a weak signal in amino acid
sequencing. The results described above indicate that the
putative traY coding region of R100 actually produces a
protein which starts with formylmethioninez, corresponding
to the TTG triplet, but subsequently loses it, perhaps during
maturation of the protein.
Amino acid sequence relations among the TraJ and TraY

proteins of different plasmids. As described in an earlier
section, the region containing the possible traJ gene of R100
showed poor homology with the traJ coding region of
plasmids F and Rl at the nucleotide sequence level. The
deduced amino acid sequence of the TraJ protein of R100,
however, showed low but significant homology with the TraJ
proteins of F and Rl (Fig. 6A).
The nucleotide sequences of the presumptive tra Y coding

regions of R1-19 (8) and of ColB4-K98 (9) have been reported
elsewhere. Proteins from these regions, however, have not
been identified yet. The deduced amino acid sequences of
these TraY proteins show considerable homology with those
of traY of R100 and R100-1 (Fig. 6B). All 'of these TraY
proteins are composed of 75 amino acids. An interesting
observation is that just as tra Y of R100 uses a rare initiation
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FIG. 6. Amino acid alignments. (A) traJ gene products of R100, F, and RL. Numbers above the sequences indicate the positions of amino
acid residues of the TraJ protein of R100. Identical amino acids are boxed. The TraJ amino acid sequence of R100 and the TraJ sequences

of F and Rl, previously reported (12, 24), were aligned first by computer (with a program that compared pairs of sequences by using the
algorithm described by Goad and Kanehisa [18]) and then manually, to give the best matches among three sequences. traJ of plasmid R1-19
has been reported to encode a 201-amino-acid polypeptide whose sequence is the same as the TraJ amino acid sequence of Rl from residues
1 to 200 (8). (B) traY gene products of R100, R1-19, ColB4-K98, and F. Identical amino acids are boxed. The first half (residues 1 to 65) (a)
and the second half (residues 66 to 131) (b) of the TraY protein of F, previously reported (12), are compared with the TraY protein of R100
or R100-1 and those of R1-19 and ColB4-K98, previously reported (8, 9). Numbers above the R100 sequence indicate the positions of amino
acid residues of the TraY proteins of R100, R1-19, and ColB4-K98, while numbers below the F sequence indicate the positions of amino acid
residues of the TraY protein of F. Gaps were introduced to give the best matches.

codon, TTG, traY of R1-19 and traY of ColB4-K98 use
another rare initiation codon, GTG.
The nucleotide sequence containing traY of F has also

been reported (12). The coding frame of traY of F deduced
from the nucleotide sequence was postulated to start from
ATG as an initiation codon and to encode a protein of 119
amino acids, which is 44 amino acids larger than the prod-
ucts from tra Y of R100 (R100-1), R1-19, and ColB4-K98. We
noticed, however, that the open reading frame of tra Y of F
could be extended into the preceding region, with the
assurnption that TTG was used as the initiation codon for
tra Y of F, as for tra Y of R100. This TTG in F, like that in the
traY gene of R100, is preceded by a very good Shine-
Dalgarno sequence. With the assumption that TTG is the
initiation codon for traY of F, the molecular weight of the
postulated protein is 15,183 (131 amino acids). Interestingly,
a dot matrix analysis indicated that the nucleotide sequence
of traY of R100 appeared twice in that of the TTG-initiated
tra Y of F in a tandem array (Fig. 7A). This is also true for a
dot matrix analysis of amino acid sequences (Fig. 7B). The
dot matrix comparison of the coding region of traY of F to
itself also showed the duplication of a segment within the
coding region in tandem (data not shown). Figure 6B also
shows the homology between each amino acid sequence of

the two segments in the TraY protein of F and the TraY
proteins of the other plasmids.

DISCUSSION

We have presented the nucleotide sequence of traJ of
R100 and identified its product. We have then shown that
induction of an altered TraJ protein, called TraJ', that lacks
four amino acids at the N terminus of the TraJ protein results
in overproduction of the TraY-collagen-LacZ tripartite pro-
tein. Transcription from the promoter for traJ' does not read
through into tra Y. The result described above therefore
suggests that the four amino acids at the N-terminal end of
the TraJ protein are not essential for activation of the
expression of the tra YZ operon. The deduced amino acid
sequence shows low but significant homology with those of
the TraJ proteins of F and Rl. This low homology is in
agreement with the observation that traJ of R100 does not
complement the traJ90 mutation of F (46), although both
TraJ proteins are thoug-ht to have the same function. We
have also observed that traJ of R100 has been subjected to a
drastic change coordinately with a drastic change in pyz,
which is the site of action of the TraJ protein, when these
regions are compared with the corresponding regions in F
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FIG. 7. Dot matrix analysis. (A) Matrix between the nucleotide
sequences of the traY genes of F and R100. Dots are placed at
locations of the identical nucleotides when more than 33 nucleotides
of 70 are identical. Arrows indicate the direction of the coding
regions. The initiation and termination codons are shown. (B)
Matrix between the amino acid sequences of the TraY proteins of F
and R100. Dots are placed at locations of identical amino acids when
more than 11 amino acids out of 60 are identical.

and Rl. In studies on the repA2 genes of R100 and Rl, Ryder
et al. (38) have observed similar drastic changes in two loci
in which a product of one locus acts on the other locus.
There is a Rho-independent terminatorlike sequence down-
stream of the traJ coding frame of R100 which could play an

important role in inhibiting the readthrough transcription
from the traJ promoter into the distally placed promoter
pyz. Such a terminatorlike sequence is also seen in the
region downstream of traJ in F and R1-19 (8, 12, 24).
We have shown that traY of R100 uses TTG as the

initiation codon by determining the N-terminal amino acid
sequence of the tripartite protein TraY-collagen-LacZ. The
method employed here has been very useful for purification
of the tripartite protein. The method would also be very
advantageous for separating the TraY portion from the
,-galactosidase portion by cleavage of the collagen linker
with collagenase. In fact, digestion of the hybrid protein with
collagenase has given a new polypeptide whose molecular
weight agrees well with that of the TraY portion (our
unpublished data). This protein is found to be basic and can
thus be readily purified to homogeneity by using a cation-
exchange column (our unpublished data). This procedure for
purification of the TraY protein and the properties of the
purified protein will be described elsewhere.
We have pointed out the possibility that traY of F uses

TTG as the initiation codon and not the previously assigned

ATG. Kennedy et al. (23) have reported that traY of F
produces a 16-kDa protein. Fowler et al. (12) have stated in
their paper that the size is slightly larger than that expected
from the open reading frame. Note that the traY reading
frame of F which uses TTG as the initiation codon encodes
a protein closer to the size of the protein that has been
observed by Kennedy et al. (23). It is therefore quite likely
that the discrepancy in size of the TraY protein ofF is due to
the wrong assignment of the initiation codon for the traY
reading frame of F.

If tra Y of F uses the TTG triplet as the initiation codon, all
four tra Y genes previously reported use rare initiation co-
dons, TTG and GTG. This appears to be an interesting
feature conserved in the evolutionary process. Reddy et al.
(37) have demonstrated that the efficiency in initiation of
translation increases as the initiation codon is changed from
TTG to GTG and from GTG to ATG by using the cya gene
which initially uses TTG as the initiation codon. The use of
rare initiation codons in traY may therefore lower the
cellular level of the TraY protein.

Interestingly, also, tra Y of F contains an apparent tandem
duplication of a segment which shows homology with traYof
R100. It has been suggested that the TraY protein recognizes
the plasmid-specific oriT sequence (46). We assume that the
TraY protein of R100 could function as a dimeric or tetra-
meric form and that the TraY protein of F by itself has a
dimeric form within a single polypeptide. traY of F could
have evolved by an illegitimate recombination between two
identical tra Y genes encoding a small polypeptide composed
of 75 amino acids, like the TraY proteins of the other
plasmids, such that the recombination has occurred between
the distal region of one copy of tra Y and a proximal region of
the other copy to give rise to a larger new gene having a
tandemly duplicated sequence.
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