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One of the characteristic features of IncHI1 plasmids is a thermosensitive process of conjugation,
which is optimal between 22 °C and 30 °C but inhibited at 37 °C. R27, the prototypical IncHI1
plasmid, contains transfer genes clustered in two regions of the plasmid, Tra1l and Tra2. In the
present study, transcriptional analyses of the tra genes were undertaken at both 30 °C and 37 °C.
Screening of 38 tra genes showed that tra genes are transcriptionally linked in six operons,
three in each Tra region. RT-PCR analysis showed that gene expression was reduced at 37 °C
relative to that observed at 30 °C. The transcription start sites of the six transcripts were
identified, promoters and upstream regions were cloned, and transcription was tested at both
temperatures. In cells grown at 37 °C, in the presence of R27, the promoters were inhibited, except
for promoters of the H operon and AN operon. Conditions that influenced DNA topology, such
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as osmolarity, anaerobiosis, quorum sensing and acidity, showed no significant influence on
transfer frequency. These results should facilitate future understanding of the basis of
temperature-sensitive transfer in this large conjugative plasmid.

INTRODUCTION

Gene exchange in bacteria promotes adaptation to environ-
mental challenges and the evolution of bacterial species.
Conjugation is one of the main mechanisms responsible for
horizontal gene transfer. This process provides competitive
advantages for the bacteria and has serious implications for
public health. It allows the maintenance and dispersal of
genes that encode antimicrobial resistance in closely and
distantly related bacteria. Conjugative plasmids transfer
from donor to recipient bacteria using a structure termed
the mating pair formation (Mpf) complex, also known as
the type IV secretion system (T4SS). The T4SS is a
membrane-associated protein complex, responsible for
construction of the pilus and for DNA transfer. The
inner-membrane-associated coupling protein connects the
Mpf proteins to the cytoplasmic relaxosome, which is
responsible for DNA processing prior to and during

Abbreviations: CAT, chloramphenicol acetyltransferase; drR27, dere-
pressed R27; RACE, rapid amplification of cDNA ends; T4SS, type IV
secretion system; UTR, untranslated region.

Tables listing oligonucleotide primers (Table S1) and showing SD values
for the effect of temperature and H-NS protein on the expression of tra
promoters (Table S2) are available as supplementary data with the
online version of this paper.

conjugative transfer (Cascales & Christie, 2004; Christie,
2001; Lawley et al., 2003b).

Conjugative plasmids belonging to the incompatibility
group HI1 (IncHI1) encode multiple antibiotic resistances;
they have been implicated as a significant factor in the
persistence and re-emergence of Salmonella enterica serovar
Typhi, the causative agent of typhoid fever, and therefore
contribute to the persistence of typhoid fever worldwide
(Kariuki et al., 2004; Wain & Kidgell, 2004). The continued
prevalence of IncHI1 plasmids can be partially attributed to
the conjugative transfer functions of these plasmids, since
horizontal gene transfer maintains a plasmid within a
bacterial population. Therefore, the conjugative system is a
promising drug target to inhibit the dissemination of
plasmid-encoded antibiotic resistance.

IncHI1 plasmids are low-copy-number, self-transmissible
plasmids that have an unusual thermosensitive process of
conjugation. Transfer occurs optimally between 22 °C and
30 °C, but is negligible at 37 °C (Rodriguez-Lemoine et al.,
1975; Taylor & Levine, 1980). Despite the fact that this phe-
nomenon was known three decades ago, the molecular basis for
this temperature dependence has not been widely studied.

Plasmid transfer requires the expression of plasmid-encoded
transfer genes (tra genes). R27, the prototypical IncHI1
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plasmid, has been sequenced (Sherburne et al., 2000), and
the transfer genes were found to be clustered in two separate
regions on the plasmid, Tral and Tra2, which are separated
by 64 kb. The Tral region contains the origin of transfer and
14 genes, nine of which are essential for transfer and encode
Mpf components and the coupling and relaxosome proteins
(Lawley et al, 2002) (see Fig. 1a). The Tra2 region contains
24 genes, including 11 which are essential for transfer and
encode Mpf proteins (Lawley et al., 2003a; Rooker et al,
1999) (see Fig. 2a). Although tra genes have been identified
by sequencing and functional and mutational analyses,
transcriptional regulation has not been examined and the
promoter regions have not yet been determined.

Efforts to isolate a mutant of R27 showing temperature-
independent transfer have been unsuccessful, implying that
more than one mechanism could be present to thermally
regulate plasmid transfer. Recent evidence indicates that at
least one transfer gene, trhC, is not expressed at non-
permissive transfer temperatures, suggesting that thermo-
sensitive transfer may be imposed at the transcriptional level
(Gilmour et al, 2001). Nevertheless, the mechanism(s)
underlying this phenomenon has not yet been revealed. In
other conjugative plasmids it has been reported that transfer
genes are often controlled by intricate mechanisms that
involve both positive and negative regulation (Adamczyk &
Jagura-Burdzy, 2003; Frost et al., 1994).

Studies on other temperature-dependent expression sys-
tems, mainly virulence genes, have shown that bacterial
genes usually become derepressed on a shift from an am-
bient low temperature to body temperature upon entering a

human host (Madrid et al,, 2002; Prosseda et al, 2002;
Umanski et al., 2002). In contrast, the effect of temperature
on transfer of IncHI plasmids is the reverse, i.e. conjugation
is repressed at 37 °C.

The goal of the present study was to analyse transcription of
R27 transfer genes at 30 °C and 37 °C and to identify the
operon organization and transcriptional start points. In
addition, the promoters and regulatory regions were cloned
and tested for expression. Our results suggest that R27 tra
genes are controlled at the transcriptional level. This work
provides new insights into the genetic structure, transcrip-
tional organization and regulation of transfer genes on the
R27 plasmid.

METHODS

Bacterial strains, growth conditions and plasmids. Escherichia
coli strains and plasmids used in this study are listed in Table 1.
E. coli strains were routinely grown at 30 °C or 37 °C in LB broth
(Difco) with shaking, or on LB agar plates. Antibiotics were added
at the following final concentrations when appropriate (in pg ml™"):
ampicillin 100, tetracycline 10, rifampicin 20, streptomycin 50,
kanamacycin 50, novobiocin 20. In the mating experiment using
the fis strain, RW1, the mutant strain, donated by W. R. Will and
L. S. Frost (University of Alberta, unpublished), was made by P1
transduction of a fis::kan767 mutation from RLG1863 (Appleman
et al,, 1998) into MC4100 as described elsewhere (Johnson et al.,
1988).

Various treatments were used on mating bacteria as follows. To test the
effect of increased osmolarity, strains were grown in LB medium
supplemented with 0-3 M NaCl. The effect of pH was tested by
supplementing LB with 0-1 M MOPS buffer at pH 5-0. The effect of

Table 1. Bacterial strains and plasmids

Strain/plasmid

Genotype/relevant characteristics*

Source/reference

E. coli strains

DHb5u supE44 AlacU169 (¢80lacZAM15) hsdR17 recAl endAl gyrA96 thi-1 relAl Hanahan (1983)

RG192 ara leu lac, Rif' Lawley et al. (2003a)

MC4100 araD139 A(argF-lac)U169 rpsL150(Str") relAl flb5301 deoCl ptsF25 rbsR Casadaban (1976)

PD32 MC4100 hns-206:: Ap" Dersch et al. (1993)

RW1 MC4100 fis-767::Kan" W. R. Will, University of Alberta
Plasmids

R27 IncHI1 plasmid, Tc" Lawley et al. (2003a)

drR27 TnlacZ insertion into htdA Whelan et al. (1994)
pKK232-8 pBR322 derivative containing a promoterless CAT gene, Amp" Pharmacia LKB Biotechnology
pR 611 bp fragment of R operon promoter cloned in pKK232-8+ This study

pR300 310 bp fragment of R operon promoter cloned in pKK232-8+ This study

pR200 220 bp fragment of R operon promoter cloned in pKK232-8+ This study

pF 371 bp fragment of F operon promoter cloned in pKK232-8+ This study

pH 312 bp fragment of H operon promoter cloned in pKK232-8+ This study

pAC 382 bp fragment of AC operon promoter cloned in pKK232-8+ This study

pZ 384 bp fragment of Z operon promoter cloned in pKK232-8+ This study

pAN 480 bp fragment of AN operon promoter cloned in pKK232-8+ This study

*Abbreviations: Amp", ampicillin resistance; Rif', rifampicin resistance; St', streptomycin resistance; Tc', tetracycline resistance.

tPositions given refer to +1 of translation.
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anaerobiosis was tested under an atmosphere of 5 % CO,, 5 % H,, 90 %
N,. Homoserine lactone (Sigma) was used at concentrations of 5, 10, 50
and 100 mM for the recipient and 5 mM for the donor.

DNA manipulations. R27 plasmid DNA was isolated using the
Qiagen Plasmid Purification Kit. Standard recombinant DNA meth-
ods were performed as described by Sambrook & Russell (2001).
Restriction endonucleases and T4 DNA ligase were used according
to the manufacturers’ instructions (Invitrogen, Roche Diagnostics)
and digested DNA was analysed by agarose gel electrophoresis. DNA
fragments were isolated from agarose gels using the QIAquick Gel
Extraction Kit (Qiagen).

RNA extraction. E. coli cultures harbouring R27 were grown at
either 30 °C or 37 °C. Cells were inoculated from overnight cultures
grown at the same temperature. Cells were harvested when the cul-
ture reached 0-3 ODyggo units. Total bacterial RNA was purified
using the RNeasy Midi Kit (Qiagen), in accordance with the manu-
facturer’s directions. To ensure that the RNA was devoid of contam-
inating DNA, the preparation was treated with Turbo DNase
(Ambion). The RNA was precipitated with ethanol, dissolved in an
appropriate volume of diethyl-pyrocarbonate-treated water, and
quantified using an Ultraspec 4000 spectrophotometer (Pharmacia).

RT-PCR. For RT-PCR amplification of all transcripts, 2 pg total
RNA was used as a template. RNA was retrotranscribed into cDNA
utilizing the SuperScriptll RT with the random hexamers included
in the kit (Invitrogen), generally according to the manufacturer’s
instructions. One-tenth of each product was subjected to PCR.
Primer pairs specific for each two adjacent genes (see Table S1, pro-
vided as supplementary data with the online version of this paper)
were designed using the R27 annotated sequence (GenBank acces-
sion no. AF250878). Typically, the annealing temperature was
5 degrees below the T, of the primers. The PCR programme used
was as follows: pre-incubation at 94°C for 2 min, denaturing at
94 °C for 30 s, annealing for 30 s and extension at 72 °C for 1 min
for every 1 kb of target sequence for 30 cycles, followed by 10 min
further extension at 72 °C. Negative controls without template and
negative control with RNA that had not been subjected to retrotran-
scription were included in each assay. A positive control using R27
DNA as the template was prepared with each pair of primers, gener-
ating products of the predicted sizes. The E. coli pfkA housekeeping
gene, which encodes phosphofructokinase, was included as a positive
control for the bacterial transcripts. Amplification products were
resolved on an agarose gel and stained with ethidium bromide. RT-
PCR amplifications were performed at least twice with total RNA
preparations obtained from a minimum of three independent
extractions and similar results were obtained in all experiments.

Rapid amplification of cDNA ends (RACE). To determine the
transcription initiation sites, 5'RACE experiments were performed
using the protocol provided by the manufacturer (Invitrogen).
DNase-treated total RNA (4 pg) was reverse transcribed by using
Superscriptll RT with specific primers for each operon (see supple-
mentary Table S1). cDNAs were tailed by adding cytosine residues
(or adenosine when necessary) at the 3’ end by using Terminal
Transferase and amplified by PCR with a second operon-specific
primer. The PCR conditions used were 30 cycles consisting of 1 min
denaturation at 94 °C, 1 min annealing at the appropriate tempera-
ture, and 1 min extension at 72 °C. The primary PCR products were
amplified using a nested gene-specific primer. To precisely deter-
mine the 5" ends of the transcripts, DNA sequencing reactions were
done in the DNA Services Laboratory, Department of Biological
Sciences, University of Alberta. At least 20 different final nested-PCR
products for each one of the six promoters were sequenced.

Computer analysis. Prediction of intrinsic curvature and DNA
sequence analysis was performed using the LASERGENE software

package (DNASTAR, Inc.). Prediction of bacterial protein subcellular
localization was performed using the PSORT program (Gardy et al,
2003). Prediction of DNA-binding domains was done using DBS-
PRED (Ahmad et al., 2004). The BLAST program (Altschul et al,
1990) was used for homology searches of amino acid sequences
within the SWISS-PROT, GenBank/EMBL and PIR databases.

Construction of CAT-transcriptional fusions. Fragments con-
taining each promoter were amplified by PCR (30 cycles) using R27
DNA as the template. The primer sequences used for cloning, as
well as the sizes of the cloned regions, are listed in supplementary
Table S1. The PCR products, which included terminal BamHI-
HindIII sites, were double digested and cloned in the low-copy-
number vector pKK232-8 (Pharmacia LKB Biotechnology), which
contains a promoterless chloramphenicol acetyltransferase (CAT)
gene, digested with the same enzymes. Transcriptional fusion con-
structs were transformed into E. coli cells, after which ampicillin-
resistant colonies were selected. The resulting plasmids (Table 1)
were sequenced to confirm the fidelity of the PCR amplification.

Two serial deletion constructions of the R operon upstream region
were created by PCR (Table 1, Fig. 4). The PCR products were digested
with BamHI/HindIII and the resulting fragments were cloned in the
pKK232-8 vector, leading to the construction of plasmids pR300 and
pR200. These clones included the ATG initiation codon. The resulting
plasmids were sequenced and transformed into E. coli cells and also
into E. coli cells harbouring R27. CAT expression of the resulting
transformants was determined.

CAT assay. For measurement of CAT expression, cultures of rele-
vant strains harbouring the transcriptional fusions were grown
overnight at the selected temperature (30 °C or 37 °C). The resulting
cultures were diluted 1:40 into fresh LB medium and incubated
at the selected temperature to an ODgyy of 0-3-0-4. The CAT
Immunoassay Kit (CAT-ELISA, Roche Diagnostics) was used to
quantify CAT expression, with some modifications for bacterial
cells. Cells were lysed in 100 mM potassium phosphate buffer,
pH 7:8, 2 mM EDTA, 1% Triton X-100 and 1 mM DTT. Aliquots
of cell extracts were assayed for CAT concentration and protein
determination (BCA Protein Assay Kit, Pierce). The CAT readings
were normalized to total protein. Assays were performed in dupli-
cate with a minimum of three independent experiments for each
fusion and/or growth condition. The standard deviations were
calculated and were found insignificant (see supplementary Table S2
with the online version of this paper). Similar assays, using the
vector alone and plasmid R27 were also included, to ensure that
there was no intrinsic plasmid CAT expression.

Conjugation assay. Conjugal transfer of derepressed R27 (drR27)
was performed as previously described (Taylor & Levine, 1980). A
derepressed donor strain (Whelan et al., 1994) was used to achieve a
satisfactory degree of reproducibility, since consistently reproducible
numbers of transconjugants were not obtained when a wild-type
repressed donor was used. As transfer of R27 is dependent on the
temperature at which the donor cells have been grown prior to
mating, both donor and recipient cultures were pre-grown overnight
at the appropriate temperature. Overnight cultures of E. coli donor
and recipient strains were diluted 20-fold and incubated for 3 h
with aeration at 30°C or 37°C. A mating mixture consisting of
0-1 ml of the donor, 0-4 ml of the recipient culture and 0-5 ml cul-
ture medium was incubated overnight at the tested temperature.
Transconjugants were diluted and plated in duplicate on LB
medium supplemented with the appropriate antibiotics. Each set
of matings was repeated three times. Transfer frequencies were
expressed as transconjugants per donor cell.

http://mic.sgmjournals.org
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RESULTS

Operon organization

To determine the transcriptional organization of R27
transfer genes, RT-PCR was performed using total RNA
extracted from cells harbouring R27 and primer sets specific
for every adjacent gene in the two complete transfer regions
(Figs 1b and 2b). In each run, DNA template controls were
included to confirm the specificity of each primer pair to
amplify the target sequence. No amplicons were detected in
the RT-PCR analyses when reverse transcriptase was
omitted, indicating the absence of contaminating genomic
DNA in the RNA preparation. The systematic screening of
the 38 tra genes revealed that the tra genes are transcrip-
tionally linked in six operons, three in each Tra region
(Figs la and 2a).

Within the Tral region, the following three operons were
found: (1) The F operon, containing trhF, trhH and trhG
genes, (2) the R operon, which contains trhR and trhY genes,
and (3) the H operon, which comprises traH, orfl21, tral,
traG, orfl118, traJ, orf116 and orf115 (Fig. 1a). The F operon
and the R operon are transcribed in the same direction and

away from oriT. The H operon is transcribed in the opposite
direction and contains genes that encode relaxosome
proteins, the coupling protein and other proteins not
essential for transfer. These results were in agreement with
the deduced operon organization assigned to this region by
sequence analysis (Lawley et al., 2002). Nevertheless, there
was a discrepancy with the trhX gene, whose transcript could
not be detected under the conditions used in the present
work. Primer sets 1-3, 1-4 and 1-5 failed to amplify a
product in the RT-PCR reaction (Fig. 1), supporting the
assignment of the above three operons.

In the Tra2 region, the following three operons were found:
(1) the AC operon, containing trhA, trhL, trhE, trhK, orf30,
trhB, orf28, orf27, trhV and trhC genes, (2) the Z operon,
which contains trhO, orfl6, orfl7 and trhZ genes, and (3)
the AN operon, which contains htdA, htdF, htdK, orf9, trhP,
trhW, trhU and trhN genes (Fig. 2a). The AC and AN
operons encode proteins responsible for mating pair
formation and pilus biosynthesis and are transcribed in
the same direction. The Z operon, encoding entry exclusion
proteins (J. Gunton & D. E. Taylor, unpublished), is
transcribed in the opposite direction.

H-pilus/Mpf gene

. Relaxosome component gene

(@)

D Non-conjugative transfer gene

w2 Coupling protein gene

H operon

116
115 tra) 118 traG tral
— e . f— i
1-11 1-10 1-9 1-8 1-7
(b) 1-11 1-10 1-9 1-8 1-7

pfk traJ~115 118-traJ traG-118 tral-traG  traH-tral

F operon

R opero> | :>

)
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whR trhy whxC IH trhG
o g—
0 s 12 14
15 13
il
1-4
1-6 1-5 1-4 1-3 1-2 1-1

trhR=trhY trhY=trhX trhY=trhF trhX-trhF trhF-trhH trhH-trhG

MABCABCABCABCABCABCM
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4500 bp
- e - .

Fig. 1. RT-PCR analysis of the Tra1 region. (a) Organization of the Tra1 region. ORFs are represented as pattern boxes with
arrowheads indicating their orientation. The double-ended arrows below the physical map indicate the regions amplified by the
primer pairs. The grey arrows above the ORFs indicate the operon arrangements determined in this work. (b) Agarose gel of
the RT-PCR amplification products. For each primer pair, three lanes are shown: A, positive control using DNA templates; B,
negative control (RNA, no RT) to assess DNA contamination in RNA preparations; C, RT-PCR using as template RNA isolated
from cells harbouring R27 grown at 30 °C. M, molecular mass marker; pfk, phosphofructokinase gene (control).
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Fig. 2. RT-PCR analysis of the Tra2 region. (a) Organization of the Tra2 region. ORFs are represented as pattern boxes with
arrowheads indicating their orientation. The double-ended arrows below the physical map indicate the regions amplified by the
primer pairs. The arrows above the ORFs indicate the operon arrangements. (b) Agarose gel of the RT-PCR amplification
products. For each primer pair, three lanes are shown: A, RT-PCR using as template RNA isolated from cells harbouring R27
grown at 30 °C; B, negative control (RNA, no RT) to asses DNA contamination in RNA preparations; C, positive control using

DNA templates. M, molecular mass marker.

Transcriptional expression

Identification of tra operons enabled us to perform tran-
scriptional studies for all the transfer genes. To determine
if transcriptional control is responsible for temperature-
sensitive R27 transfer, RT-PCR was carried out using RNA
isolated from bacteria harbouring R27 grown at both 30 °C
and 37 °C, using the same primer sets as above.

Results obtained from the F and R operons in the Tral
region (Fig. 3a) and the AC operon in the Tra2 region
(Fig. 3b) revealed that fra transcripts were consistently
present at higher levels at 30 °C than 37 °C. The constitu-
tively expressed E. coli pfkA gene, encoding phosphofructo-
kinase, was used as a control. Transcripts of tra genes from
cells growing at 37 °C were lower when compared to the
levels of RNA isolated from cells grown at 30 °C. Although
the control, pfkA (Fig. 3b, lane A), had significantly less of
the total RT-PCR product loaded, this did not affect the

result that the fra operons are transcriptionally down-
regulated at 37 °C.

This result was consistent for all the tra operons (data not
shown) in both the Tral and the Tra2 region. Although our
RT-PCR analysis was semi-quantitative, the higher produc-
tion of tra transcripts at 30 °C compared to that at 37 °C
suggests that the thermosensitive regulation of R27 tra genes
occurs at the transcriptional or post-transcriptional level.
These results are consistent with previous findings from an
earlier study of the trhC gene (Gilmour et al., 2001).

Transcriptional start sites

To characterize each of the six tra operon promoters and
putative regulatory regions, we verified the transcriptional
start site by the 5'RACE procedure. The 5" ends of these six
transcripts, corresponding to the respective transcription
initiation sites, were identified (Fig. 4). A single G residue

http://mic.sgmjournals.org
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1-2 1-1 1-6

(a) trhF —trhH trhH-trhG trhR-trhY
M A B C D A B C D ABCD
. . Tﬂt ]
.‘ 4 - —
@ = © @.
g - .
2-1 2-2 2-3

(b) pfk trhA—trhL  trhA—trhE  trhE-trhK
MA BCD ABCD ABCD ABCD

Fig. 3. Characterization of the transcriptional profile of R27 tra
genes by RT-PCR analysis of (a) F and R operon transcripts in
the Tral region anad (b) AC operon transcripts in the Tra2
region, from cells harbouring: A, wild-type R27 grown at 30 °C;
B, wild-type R27 grown at 37 °C; C, derepressed (dr) R27
grown at 30°C; D, drR27 grown at 37 °C. Primers used and
their positions are shown in Fig. 1.

was detected as the start site for the AC and AN operons,
whereas the other four operons had single A residues as the
start site. The 5" untranslated regions (UTR) are 14-34 bp
long, except those of the R and AN operons, which are
136 bp and 137 bp, respectively (Fig. 4b, f). Analysis of the
upstream regions of the R, H and AN operons revealed the
presence of putative —35 and — 10 boxes, with three to five
of the six positions matching the E. coli consensus sequence.
The positions of the transcriptional start sites are consistent
with the locations of the deduced promoter sequence
elements. The —35 and —10 boxes are separated by 17 or
fewer base pairs, except those of the H and AN operons,
which have longer spacer regions, 21 and 20 bp respectively
(Fig. 4c, f). For the F, AC and Z operons, the promoter boxes
could not be definitely assigned. The absence of consensus
sequences and/or canonical spacing between the —10 and
—35 boxes could have implications for the regulation of
operon expression. The F and AC operons contain genes
that encode major structural proteins; therefore these genes
must be tightly regulated without canonical promoter
regions. Also, the presence of several upstream AT tracts was
found in all the sequences analysed.

Interestingly, the origin of transfer is contained within the
5" UTR mRNA of #hRY (Fig. 4b). The TrhR and TrhY
proteins are required for conjugation (Lawley et al., 2002).

These proteins have homologous counterparts in the IncHI2
R478 plasmid (GenBank accession no. BX664015), but show
no homology to any component of other known conjugative
systems. They may represent T4SS components that are
unique to IncHI plasmids. Since genes that regulate
conjugative transfer are generally present around oriT and
are the least well-conserved components of transfer systems,
trhR and trhY may play a role in regulating conjugative
transfer. Consistent with this idea, overexpression of the
trhR and trhY genes increased the transfer frequency of R27
(Lawley et al., 2002). With this in mind, we searched for
domains in TrhR and TrhY proteins. #trhR encodes
a protein, predicted to be an inner-membrane protein,
with 50 % identity to the Actinobacillus pleuropneumoniae
ApfC protein (GenBank accession no. AA064353), which is
essential for type IV pilus production. In Legionella
pneumophila, the homologous protein PilC has increased
expression at 30 °C as opposed to 37 °C (Liles et al., 1998).
These proteins with functional similarity failed to comple-
ment mutants in related organisms (Johnston et al., 1998),
suggesting that they could be system-specific. trhY encodes a
protein predicted to be a cytoplasmic protein with 85-5%
probability to bind DNA. TrhY shows 50 % identity with the
transcriptional repressor of the xylose operon from Bacillus
halodurans (GenBank accession no. F83994).

The origin of transfer is surrounded by the divergent
promoters of the R and H operons, with A/T-rich regions,
positioned as tracts. The presence of A tracts has been
proposed to bend DNA in a way that is sensitive to
temperature. The bend is stable below 30 °C, whereas the
stability is reduced above 33 °C (Chan et al., 1993; Falconi et al.,
1998; Rohde et al, 1999). Analysis of upstream promoter
sequences revealed potential H-NS and FIS binding sites in the
region between the divergent promoters of the R and H
operons. In silico analysis of the remaining upstream tra
promoter regions demonstrated the presence of DNA curve
regions in the three Tral operons and in the AC and Z operons
(Fig. 4). The upstream region of the AN operon appears to be
deficient in regions containing bends. Binding of H-NS to the
oriT region has been recently reported (Forns et al, 2005).

Functional analysis of the promoter regions

Identification of the transcriptional start sites of the tra
operons enabled cloning of the promoters and potential
regulatory regions. To address the question of how
promoters are regulated, we used a CAT reporter gene
fused to each tra promoter, including upstream regions (as
described in Methods, Fig. 4). These clones were trans-
formed into E. coli cells and E. coli cells harbouring the R27
plasmid grown at 30 °C or 37 °C, and CAT expression was
determined. The expression values at 30 °C were normalized
to 1 for comparative purposes (Table 2). At 37°C, the
constructs exhibited the same (AC and AN) or lower (R, F
and Z) expression level, except for the H operon (relaxo-
some operon), which showed higher expression, compared
to that seen at 30 °C.
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a) trhFHG promoter
* -320 * -280 * -240
ATGGCAT‘I‘TTTTAGGTCAATACTGCATATGATATAA}\CACATTAAAC CGT‘I‘TTCTTGC CAAATAATATATCC TCAG'I‘TT’I‘TTTAATTTATCGAAAATTCCCGATTC GARAAATCAATCGAR
-200 -160 -120
TGCGGECECTCATCTAGAAATT T T TAARAGTATCGTCTGGAATTGAAT TCAGATTCAA’I‘TAACTATGC TGATAACTATTTTCCCACCTTTT uu:u. CCCATACCTTCCCTGCACACAGARG
* -80 -40 +1
TTCAACAGCCCTTTCAGGETC T T T TAGTAGTCACATTTATGACT TTTTAACGTTTGAAATCTACCCCGTTACCGACGCTCATCGAACTTTTTTTC TATGCCATCATACCTCTATTCCATGA
RES »
GGAGATCGGTAAATG

b) trhRY promoter

* -440 * -400 * -360
GAACGGCCAAAAGGTCCGCATTTTATCGTGGAAGAAAAGTARCTT TTCCAGCAATGCTTATTGCTGAGATCGTGATCTGARAAGAACTGT T T TACCTACTAAGT TATACATC TATCTAGT

-320 * -280 * -240
GCCACTTTTTAAAGGAARGTGACCCTATGATTTTGACGCATAGTGCCACTTTTARAAARAGTGACCCTATGTCGTGATTACATAGGETCACTTTTCATCAAGAAGTGACCCTATGTCGAT

* -200 * > -160 * -120
GGTGCATAGGECCACTTTTCAGCAAARAGTGACCCTATGTAGTAGTCATGTTAAACAATCGARRAAATARTCATGCTTACGCGCAT TTTTCCCTAAGGITATTGCTACTTAATGCCEATA

* -80 2> * -40 -35 * -10 +1
ACGACTCAGECTITGAGGTTTTTTTATACGGTTCACAT TTCGTTAGCAAGGTCAGGGT TTTTTGATARAAT TCIGGTTAGT TTGRTTAAAAAGTGTIACAAGTAAGGCTAATGCC TEARA
40 80 120 RBES

GETTAGTTTTAAGCTTCAAAGCCGCACGTAT TARAATTCCAAAAGTTACTTTTCATCCTTCAGAATCCAGACCTTAATTTCATCTAGAACGATTCAGTACAATTGTATTGESCGCAAGGACAAT
*

CCGCACAT
¢) traHlIG promoter
-280 * =240 » -200 i
TGCGTCAAAATCATAGGGTCACTTTCCTTTALAAAGTGGCACTAGDTAGATGTATAACTTAGTAGGTALAACAGTTCTTTTCDGATCACGATCTCAGCAATAAGCATTGCTGGAAAAGTT
-160 -120 -80
ACTTTTCTTCCACGATAAAATGCGGACCTTTTGECCGTTCCCETTTACATCTEGATGTCACTCACTCTCAGTGCTTCCTCCATTCTTARATTTGCCATGCAARATTC TCGARARAATTCAC
-40 -35 * -10 +1 RBS * 40 *

AGARAALAGTCCCGTTCGTGAARRARAATTGAAAATCACTTCGGTATAGTCATTTCACATCAGGAGG CCCATG

d) trhAC promoter
* -320 * -280 * -240

CTCCGCAGAGGTGGC TTTCATTGAARAGCATTTGTATGAATGGGGGATGCATAATCCTTOTEEGTGAAAAGCACTCGCATC AR TG EEEE AR A G TEACT T TTEEAATETCATCCTTACCS
* o * Py * -

TGTCCTTTGTTAAATATCTGGCTGGiggAATGCCATAAAAATGGTAAAGGGGCAGACGATGCCCC;gg‘TCCCTATTTGGCATGTTAATTAAACGCACCTTCTTTA;;ECGATTACATGCG

G-GATTCTT'I‘TCE['GAC‘A'[‘TCGATGGc;igmkacRC‘C‘AAGCGCAATTABGTCAAAAAAAAGGTGG';‘;S&BCAGAAAMTGAAAGAAAMTAMAAG:;&IGCCMgécGTTTTCGTGAR
*

TTCMTCMCA&AATTATG

e) trhZ0 promoter
-360 * -320 * -280 *
TTCAGTCATGCAGAAACC CTCG'I‘ATTGG'_"T‘ TATTTAGCCCACCACTT TTGT‘I‘ATGGAA'T‘TTATACAC CAATGGTTGCTTTAGET CAACATTRMCGGGACWCACTAACGTAAGTCCT
-240 -200 -160
TETTAARAARCAATCCTTCACGTTTTAATCCAGATACAACCCTAGATTCATGTACACCTGAGCAACACACGCARARACTATATTTTCCTCACGCGTTTTTATACCAAARATAARRCANACTGA
=120 * -80 * =40 *
GETGCATTACAGTTGATACGGCTCGGAAACCGAARAATGATTTC TAGCTCCAT TTTGGACACTCACARRAATTACCCC TCTTATCGAARAAATTGATGACTTTCATCCGGETAGTATTAAT
+1 RBS *
GCAATTTCAGAAAGAGGCATTTATG

f;m;uw_nm:

-320 " -280 * -240
AACAGGTGAGGGGGAATGETARACCGEGTTT C‘BTGTACTAAATGMT(. CCTCGTTGTCACATCTC C‘BGTTAAGCCBGTTTGAAGMTTATAGBGCCAGTTCTARGABATCATTAABATTC‘G
* -200 -160 -120
CoTGEETTEATTCAGGTCGAACCAGTTACGAT TTTGCATAAATTAATTTTGETTAGGTATACCACTARAAAAACGTCGTTTAGGCCCCETTTACTGTTCATTEGTTTGCACGATCTATGTA
* -80 * -40 =35 * =10 +1
TAGGTGTTAAAACGGATACAGATT‘TTT CCTAAAGTATTGGC TGAGATAGAAAATATCTTAATAAAAMCTTATTTATTAT TTTATG'I‘MCTC TATGCTTTACTGGTTAAGT
40 80 120 RES

TAGATTTTTTTGTTACCCTAACCCATAAGATC TTAATGGTTACTACGCTGCAAGCGEGAAGATGETAAGGAACTAGCGGGAT CATGTGTAACTATCTGATTATTATAATAAAGGCTGACT
*

GRATG

Fig. 4. Promoter and upstream regions of the tra operons. Nucleotide sequences contained in CAT-transcriptional fusions,
numbered from the transcription start points (+1) are shown. Putative —35 and —10 promoter elements, ribosome-binding
sites (RBS) and initiation codons are indicated. (a) Sequence cloned in pF. (b) Sequence cloned in pR; arrows indicate the
end points of the upstream deletion clones pR300 and pR200, which included the ATG initiation codon. (c) Sequence cloned
in pH. (d) Sequence cloned in pAC. (e) Sequence cloned in pZ. (f) Sequence cloned in pAN. The shadowed regions show
the bent DNA.

In the presence of plasmid R27 in trans, the R, F, AC, Z Characterization of the upstream promoter regions
and AN promoters were repressed at both temperatures containing intrinsic DNA curvature suggests that
(Table 2). R27 also had a strong silencing effect on the AN nucleoid-associated proteins can bind at this position. To
promoter when present at 30 °C. test the influence of these proteins, transcriptional fusions
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Table 2. Effect of temperature and H-NS protein on
expression of tra promoters

Except where indicated, values relative to each construction in the
wild-type strain grown at 30°C are shown. ND, Not determined.
A version of the table including SD values is provided as supple-
mentary Table S2 with the online version of this paper.

Con- Wild-type host hns host

struct

—R27* +R27} —R27* +R27%

30°C 37°C 30°C 37°C 30°C 37°C 30°C 37°C

PR 1 0-68 0-70 0-29 0-97 0-86 1-81 1-30
pF 1 0-60 0-33 0-22 1-85 1-88 1:74 2-90
pH 1 4-67 123 655 1-36 3-11 492 6-01
pAC 1 1-30 0-31 0-11 1-62 299 195 1-59
pZ 1 0-13 0-40 0-27 043 055 0-54 0-29
PAN 1 1-14 005 1-21 1-33 1-27 1-18 1-:28

pR300f ~D 068 125 115 ~ND 119 ND 090
pR200f N~ND 060 329 163 ND 136 ND 2-10

*Absence of plasmid R27 in trans.
fPresence of plasmid R27 in trans.
$Values relative to pR (—R27) at 30 °C.

were introduced into an isogenic E. coli hns mutant strain
and also into the hns mutant carrying the R27 plasmid, and
the transcriptional activities were measured (Table 2).
Except for the Z promoter, in the presence of pR27, little
difference was observed in transcription levels between 30 °C
and 37°C in the H-NS-deficient E. coli strain, compared
with that obtained in wild-type background. These results
indicated that the H-NS protein is involved in negative
regulation of tra genes transcription, in agreement with
recently published data (Forns et al., 2005). The effect of the
hns mutation is more obvious in the presence of the R27
plasmid than in its absence, except for the Z operon, whose
transcription seemed to be H-NS independent. These results
confirm that the H-NS protein is required for the ther-
mosensitive repression activity of R27.

In the presence of R27, both AN and H operons exhibited
higher expression at 37 °C than that observed at 30 °C in the
wild-type host background. These results are contradictory
to those obtained using RT-PCR. However, analysis of
transcription directed by the cloned region excluded the
possibility of detection of global regulation, or post-
transcriptional processing or degradation. The increased
expression of both operons at the temperature that is non-
permissive for mating suggests that some factors, encoded
by any one of the tested operons, are required to inhibit
conjugation in a temperature-dependent fashion. The AN
operon contains the htdA gene, which has been suggested to
be a negative regulator (Whelan et al., 1994). Nonetheless,
the negative effect of pAN expression is influenced by the

presence of H-NS protein, the temperature shift and the
presence of R27, as well as perhaps some cis or trans element.

To determine if curved DNA is implicated in transcriptional
regulation, we generated deletions that would eliminate the
potential bend in the DNA. Two different deletions in the
upstream region of the R operon were analysed (Fig. 4).
Deletions of the curved regions caused derepression of
transcription at the non-permissive temperature (Table 2),
indicating that temperature sensitivity was lost. This
occurred even in the presence of the parental plasmid,
suggesting the presence of negative regulatory sites between
bases —167 and +1. To investigate if H-NS might be
involved in the loss of temperature-sensitive regulation due
to deletions of the R operon upstream region, the constructs
were also introduced into hns-deficient cells (Table 2). The
results showed that H-NS repression is lost.

Some promoters that bind nucleoid-associated proteins are
extremely sensitive to variations in the superhelical density
of the DNA. To determine if DNA supercoiling is related to
H-NS and curved DNA regulation, transcriptional analysis
was performed using cells grown in media with subinhibi-
tory concentrations of DNA gyrase inhibitor novobiocin.
The tra promoters were inhibited to some extent at the same
level at both temperatures (data not shown), but still
responded to temperature regulation, indicating that DNA
supercoiling does not modulate temperature-dependent
regulation.

Mating

To confirm the in vitro results, we determined the frequency
of transfer using different conditions known to play a role in
the regulation of other bacterial genes and evaluated if these
conditions altered the transfer frequency at both tempera-
tures. The results showed that acidic pH, phase of growth,
anaerobiosis, high osmolarity, as well as inhibition of

Table 3. Ability of drR27 to transfer via conjugation under
different conditions

Conditions Transfer frequency (T/D)*
30°C 37°C
drR27 (control) 2:55x107"  9-25%x107®
Novobiocin 1-46 x 1072 0
LB+0-3 M NaCl 5-53% 1072 0
Microanaerobiosis 3-36x 107" 0
LB pH 50 1-55x10"° 0
LB + homoserine lactone 6:23x10" 0
drR27 in wild-type/recipient hns  1-42x 10" 0
drR27 in hns/recipient wild-type 1-08 x 10" 0
drR27 in fis/recipient wild-type 1-25x 107" 0

*Frequencies are expressed as the number of transconjugants per
input donor cell. Values represent the mean of at least three
independent experiments. 0, <10~ ® transconjugants per donor.

3570

Microbiology 151



Transcriptional organization of R27 transfer genes

DNA gyrase and presence of quorum-sensing molecules
(homoserine lactone), had no significant effect on transfer
frequency at either temperature (Table 3). When the hns or
fis mutant harbouring R27 was used as the donor in mating
assays, the transfer frequency was slightly reduced.

DISCUSSION

Determination of the genetic organization of the genes
responsible for the conjugation process in R27 is important
in understanding the thermoregulation mechanism. The
identification of regulatory factors and variations in
regulation of conjugative transfer is crucial to the develop-
ment of novel approaches to prevent the dissemination of
plasmid-encoded genes, i.e. antibiotic resistance determi-
nants. In this work, we have performed transcriptional
analysis of the R27 tra genes. Our data demonstrated that the
38 R27 tra genes analysed are organized into six operons.
However, we could not rule out that additional transfer
genes could be present outside or in the vicinity of the two
Tra regions. The organization of the genes in both Tra
regions, which was previously suggested (Lawley et al., 2002,
2003a), was confirmed in this study (Figs 1 and 2). The
transcriptional start sites identified were consistent with the
predicted —10 and —35 promoter elements (Fig. 4).

Like those of the plasmid RK2 (incompatibility group P)
and the Ti plasmids (Farrand et al., 1996; Zatyka et al., 1994)
the transfer genes of R27 are clustered into two regions, and
they also share the same organization of two divergently
expressed operons flanking the oriT region. One of these
operons encodes TrhR and TrhY proteins, which might be a
part of the regulatory system, involved in the control of
transcription of the tra genes. Further studies are required to
confirm or refute this idea.

The data presented here suggest that regulation of gene
expression by nucleoid-structuring proteins may be more
widespread in bacteria than previously documented. H-NS
directly or indirectly affects the expression of several genes
that are regulated in response to temperature or other
environmental conditions (reviewed by Dorman, 2004). A
recent publication has implicated Hha and H-NS proteins,
both plasmid and chromosomal, in temperature-sensitive
conjugative transfer of R27 (Forns et al., 2005). Virulence
and flagellar genes in Yersinia enterocolitica (Pepe et al.,
1994; Rohde et al., 1994), virulence genes in Shigella (Falconi
et al., 1998; Prosseda et al., 2004, 2002) and in enteropatho-
genic E. coli (Umanski et al, 2002), lipid A myristoyl
transferase and haemolysin in E. coli (Madrid et al., 2002;
Yoon et al., 2004) and the urease gene cluster in Proteus
mirabilis (Poore & Mobley, 2003) are also regulated by
H-NS. Usually thermosensitive proteins that modulate
expression bind DNA at low temperatures and permit
expression at higher temperatures; however, the opposite
pattern of thermosensitivity was observed in R27.

DNA superhelicity has been proposed to serve as a global
regulator of gene expression (Hatfield & Benham, 2002).

The absence of H-NS in the cell results in an increased
degree of negative supercoiling in both plasmid and
chromosomal DNA. An association between changes in
DNA topology regulated by H-NS protein, regulation of
gene expression and environmental conditions has been
reported (Asakura ef al., 2004; Gallant et al., 2004; Krishnan
et al., 2004). In other systems, DNA supercoiling is
promoted by high temperature, high osmolarity and
anaerobic conditions, and the addition of novobiocin and
homoserine lactone. The data presented here show that
these conditions do not significantly affect the transfer
frequency of R27 plasmid at 37 °C.

The assembly of the transfer apparatus and coordinated
transfer of plasmid DNA represent a complex biological
process that is undoubtedly energetically demanding. It
is therefore not surprising that conjugation is a tightly
regulated process, which responds to environmental
changes. Our data suggest that the fra promoters are
strongly regulated, and their expression was repressed in the
presence of plasmid R27. Literature reports suggest that the
nucleoid-associated proteins do not usually exert regulatory
functions alone. Each has at least one additional regulator.
This is in agreement with our findings, which show that a
putative R27-encoded repressor protein could be involved
in the inhibition of the promoters at 37 °C. In plasmid RK2,
it has been reported that relaxosome proteins repress oriT
(Zatyka et al., 1994). One of these proteins, TraK, binds to
the oriT region, increasing the bending of this stretch of
DNA. In plasmid R1162, promoters of the mob genes,
required for conjugative mobilization, are negatively
regulated at oriT by the Mob proteins.

Steck et al. (1993) showed that the length of the spacer
region between the —35 and —10 elements is related to the
optimal expression for promoters. Those promoters which
have a maximum expression at high levels of supercoiling
commonly have spacers that are larger than 17 bp. The H
and AN promoters have the larger spacing region between
the —35 and —10 elements identified (Fig. 4) and also
exhibit higher expression at 37 °C (Table 2). While further
investigation is required, it is tempting to suggest that any of
the proteins encoded by these operons can repress the
expression of other proteins essential for R27 transfer.

Bacteria harbouring H plasmids have been found in clinical
environments as well as in soil, sewage and fresh water.
These plasmids were shown to be promiscuous and to
transfer at environmental temperatures (Maher & Taylor,
1993; Smith et al., 1978). In addition to antibiotic resistance,
other temperature-sensitive conjugative H plasmids encode
determinants for resistance to a range of antimicrobial
agents, including heavy metals, tellurium and channel-
forming colicins (Alonso et al., 2002; Rodriguez-Lemoine,
1992). This confers considerable selective advantages upon
host cells, allowing for survival in hostile and rapidly
changing environmental conditions and enhancing the
dissemination of resistance among pathogenic and indi-
genous bacterial species in water and soil environments
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(Maher & Taylor, 1993). Plasmid- and host-encoded
proteins, such as H-NS, seem be part of the regulatory
mechanism of IncH plasmid conjugation in response to
temperature changes. This has implications for successful
IncHI1 plasmid transfer and maintenance in the population.
Knowledge of the regulation mechanism of plasmid transfer
could be used to help reduce the transfer of conjugal
plasmids in their natural niche.
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