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We have examined the effect of the F plasmid TraY protein on fra gene expression in vivo. Expression was
assayed as alkaline phosphatase activity in cells containing a traY ®(trad’-'phoA)hyb operon under traY
promoter control. Amber mutations in fraY significantly reduced alkaline phosphatase activity. Since nonsense
polarity effects were minimal, if they occurred at all, these data provide the first direct evidence that TraY

regulates fra gene expression.

F plasmid DNA transfer (ra) gene expression is controlled
by a network of host (Escherichia coli)- and plasmid-encoded
proteins (25, 26). This network is surprisingly complex, and its
physiological basis and molecular mechanisms have yet to be
elucidated.

Recent reports have suggested yet another unexpected reg-
ulatory feature of #ra gene expression. The TraY proteins en-
coded by the F-like R factor R100 (14) and by F itself (20) bind
in vitro to DNA sites very close to their cognate fraY promot-
ers. These observations suggested that TraY regulates its own
synthesis and that of other genes under fraY promoter control.

Such a function would not be surprising on structural
grounds. TraY belongs to a family of genetic regulatory pro-
teins that are distinguished by DNA-binding domains com-
posed of antiparallel B-sheets and including the Arc, Mnt, and
Met]J repressor proteins (4, 5, 23, 27). However, direct evi-
dence that TraY has a genetic regulatory function is lacking.
Frost et al. (10), citing unpublished results, noted that insertion
of an antibiotic resistance cassette near the end of the F plas-
mid traY gene reduced F-pilus expression when the tra genes
were under fraY promoter control but not when they were
under control of a bacteriophage T7 promoter. We show here
that raY amber mutations reduce expression of a reporter
gene under #raY promoter control.

TraY also regulates oriT nicking, an early reaction in con-
jugal DNA transfer (13, 18, 19, 24). A regulatory function for
TraY at oriT does not, of course, preclude a function at the
traY promoter.

Construction and properties of pAE5000. For the present
studies, we constructed pAE5000 (Fig. 1) from three DNA
fragments: a 1.6-kb, Sall-Pstl tra fragment (see pLA101 in
reference 26), a 2.6-kb PstI-Xhol traA'-'phoA fragment from
pWP501 (21), and the pSC101 replicon pRW300 (26). The first
two fragments were isolated by agarose gel electrophoresis
after digestion of the appropriate plasmid with Sall or Xhol,
dephosphorylation with alkaline phosphatase, and PstI diges-
tion. The three fragments were mixed in equimolar amounts,
ligated, and then incubated with polynucleotide kinase and
ATP to rephosphorylate the Sa/l and Xhol termini. The frag-
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ment mixture was then ligated into pRW300 digested with Sall
and alkaline phosphatase (Sall and Xhol termini are compat-
ible). Transformation and selection on Luria-Bertani plates
containing kanamycin and the chromogenic alkaline phos-
phatase substrate XP yielded 3 blue colonies from a total of
1,500 Kan" transformants. One isolate, which was designated
PAES000, was chosen for the experiments reported herein.

The ®(trad’-'phoA)hyb-57 fusion gene of pAE5000 encodes
the 51-amino-acid TraA leader peptide and six amino acids of
mature F pilin fused to alkaline phosphatase. The leader pep-
tide serves to deliver alkaline phosphatase to the periplasm,
where the enzyme is active (21). This posttranslational process
involves only host components; no other fra gene products are
required (22).

Expression of the pAE5000 ®(trad’-'phoA)hyb-57 gene de-
pended entirely on #raY promoter activity, as shown by the
effect of the TraJ protein. The only function of TraJ in conjugal
DNA donor activity is to regulate #raY promoter activity (12,
16). The TraJ level in a pAES000 transformant of strain
AE2388 was, therefore, reduced by introduction of the finO™"
plasmid R100. In concert with the finPy anti-sense RNA (en-
coded by pAES5000), the R100 finO gene product effectively
blocks Tral synthesis (see reference 10 for a complete discus-
sion and references). Control strains contained pAE5000 and
the finO mutant R100-1 or no plasmids at all. While still in
exponential growth, the pAE5S000/R100-1 strain generally con-
tained 1,500 to 2,000 U of alkaline phosphatase activity per
culture optical density unit. This was reduced to =100 U in
cells containing R100, which was the same amount as that in
cells with no plasmids at all. This result establishes that
PAES000 &(traA’-'phoA)hyb-57 gene expression is under traY’
promoter control. The data argue against the suggestion by
Anthony et al. (2) that there is a promoter in the intergenic
region between traY and fraA, unless such a promoter is also
TraJ dependent.

Alkaline phosphatase activity in fraY mutants of pAE5000.
We constructed three traY mutants of pAE5000 (Fig. 2). One
had a single amber mutation at #raY codon 38 [traY38(S38
Am)], another had tandem amber mutations at codons 114 and
115 [traY114 (S114 Am) and traY115(E115 Am)], and the last
contained #raY38, traY114, and traY115 amber mutations. The
traY38 plasmid also contained a +1 frameshift mutation at
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FIG. 1. The structure of pAE5000. Heavily shaded segments, tra genes; ar-
rowheads, directions of transcription when these genes are expressed. Also
shown are the Sall-PstI and PstI-Xhol fragments used to construct pAE5000 and
the BamHI fragment used to construct pAE7000; the small amount of vector
DNA included with the fragment is indicated by stippling.

codon 42, which was distal to the amber mutation and there-
fore irrelevant in the sup® strain used in these experiments.

The mutant pAE5000 derivatives were constructed by re-
combinant circle PCR (15). A 2.1-kb BamHI fragment, includ-
ing the traY gene, was first transferred from pAES000 to
pUCI181 (pUCIS lacking its PstI site) to yield pAE7000. The
remaining pAES5000 BamHI fragment was circularized with
DNA ligase and used for transformation to yield pAE6000.
Mutagenesis was then carried out on the smaller pAE7000, the
mutation was confirmed by restriction analysis and DNA se-
quencing (Fig. 2), and the altered BamHI fragment was trans-
ferred back into pAE6000. DNA sequence analysis also con-
firmed that no other #raY mutations had occurred, except as
indicated in Fig. 2.

The taY38 mutation reduced alkaline phosphatase activity
by 7.4-fold, whereas the fraY114 and traY115 mutations re-
duced this activity by 4.3-fold (Table 1). Introduction of R100
into the raY38 mutant further reduced its activity to the con-
trol (no plasmid) level of =100 U, indicating that the residual
activity was from the traY promoter.

The effect of the amber mutations cannot be attributed to
polarity. The traY115 amber mutation is only 73 bp away from
the traA ribosome-binding site, which is only 50 bp further than
the normal translation termination codon (10). It is very un-
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FIG. 2. traY mutants of pAE5000. The DNA and protein sequences of each
mutant are shown below a linear schematic of the 131-codon #raY gene. Segments
encoding putative B-sheet DNA-binding domains which are followed immedi-
ately by a-helical segments, as proposed by Nelson et al. (20), are indicated. Base
pairs altered by mutagenic oligonucleotides are underlined. Note that the traY38
allele removed a Pvul site and that the traY114 and traY115 alleles together
created an Spel site. These changes were used to screen transformants for
appropriate mutations. Note also the +1 frameshift in the traY38 gene.
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TABLE 1. Effects of traY amber mutations on ®(trad’-'phoA)
hyb-57 expression in vivo

Mutation Enzyme activity”
None 3,045
ITAY38 i 414
raY 114 traY115 ... 706
traY38 traY114 traYl1S.......cvvvcviviiiniciiinicciicicnee, 341

@ Cells of strain AE2388 with the indicated pAE5000 derivative were grown to
optical densities of 0.7 for measurements of alkaline phosphatase activities.

likely that 50 bp would lead to a detectable polarity gradient
(29). Moreover, the activity in #7aY38 mutant cells was restored
to the wild-type level by introducing the F’ lac plasmid JCFLO
(data not shown), whereas the polarity effects would be cis
dominant. TraY also acts in frans with respect to its function at
oriT (7, 9).

That the effect of the raY38 allele was greater than that of
the traY114 allele could be the result of residual TraY activity,
as suggested by Frost et al. (10); the gene product of the
traY114 traY115 mutant plasmid would retain both presump-
tive DNA-binding domains (Fig. 2). As expected if this were
the case, the greater effect of the 5’ #aY38 mutation was
epistatic to the lesser effect of the 3’ #aY1l4 and traY1l5
mutations in cells with the triple-mutant plasmid (Table 1).
However, at this point, we do not know whether the TraY
amber fragments even accumulate in the cell.

The results described above provide the first direct evidence
that TraY regulates tra gene expression. Regulation is positive,
in that rraY amber mutations significantly reduced expression
in vivo. Presumably, TraY exerts its stimulatory effect by bind-
ing to DNA between the #raY transcription and translation
initiation sites (20), which would position TraY to interact
directly with RNA polymerase or other regulatory components
at the fraY promoter. This would be consistent with the obser-
vation that neither TraY nor any other Tra protein affects the
level of ®(traA’-'phoA)hyb-57 expression from the lac pro-
moter (22) and with observations reported by Frost et al. (10).

In view of the dual role of TraY in oriT nicking and in tra
gene expression, it is worth noting that the same DNA strand
that acts as a template for expression of the #raY operon (11)
is transferred during conjugation (see reference 28 for citations
to original observations). Transfer, which occurs at a rate of
approximately 47 kb/min (3), is much faster than transcription,
which occurs at a rate of approximately 3 kb/min (8). Since F
is 100 kb, transfer of the entire plasmid should require approx-
imately 2 min, whereas RNA polymerase initiating transcrip-
tion at the traY promoter should take 7 min to reach the next
promoter, at traS, which is 20 kb from the traY promoter (see
reference 10 for fra promoter sites). Owing to these different
rates and the unusual length of the fra operon, the donor DNA
pump would quickly run into elongating RNA polymerase,
nascent fraY operon mRNA, and nascent Tra polypeptides. In
fact, since so many Tra proteins are membrane or periplasmic
and since some are long enough to be cotranslationally se-
creted, DNA transfer could turn the donor cell inside out
unless operon transcription is reduced once DNA transfer
commences. TraY might play a role in coordinating operon
transcription with the onset of DNA transfer.

We are indebted to Robbin Harris, whose early observations led to
the present work.
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