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Transcription of DNA transfer genes is a prerequisite for conjugative DNA transfer of F-like plasmids.
Transfer gene expression is sensed by the donor cell and is regulated by a complex network of plasmid- and
host-encoded factors. In this study we analyzed the effect of induction of the heat shock regulon on transfer
gene expression and DNA transfer in Escherichia coli. Raising the growth temperature from 22°C to 43°C
transiently reduced transfer gene expression to undetectable levels and reduced conjugative transfer by 2 to 3
orders of magnitude. In contrast, when host cells carried the temperature-sensitive groEL44 allele, heat
shock-mediated repression was alleviated. These data implied that the chaperonin GroEL was involved in
negative regulation after heat shock. Investigation of the role of GroEL in this regulatory process revealed that,
in groEL(Ts) cells, Tra]J, the plasmid-encoded master activator of type IV secretion (T4S) system genes, was
less susceptible to proteolysis and had a prolonged half-life compared to isogenic wild-type E. coli cells. This
result suggested a direct role for GroEL in proteolysis of TraJ, down-regulation of T4S system gene expression,
and conjugation after heat shock. Strong support for this novel role for GroEL in regulation of bacterial
conjugation was the finding that GroEL specifically interacted with TraJ in vivo. Our results further suggested
that in wild-type cells this interaction was followed by rapid degradation of TraJ whereas in groEL(Ts) cells
TraJ remained trapped in the temperature-sensitive GroEL protein and thus was not amenable to proteolysis.

Bacterial conjugation is a cell-to-cell-contact-dependent
DNA transfer mechanism which represents one of the major
routes for horizontal gene transfer among bacteria. Conjuga-
tive plasmids or other self-transmissible elements such as in-
tegrative conjugative elements carrying DNA transfer (tra)
genes are highly relevant for human health problems because
they can mediate the rapid spread of antibiotic resistance
genes (29, 50) and can confer the capacity to form biofilms (11,
32). The bacterial conjugation machinery is composed of a
nucleoprotein complex required for conjugative DNA replica-
tion, termed the relaxosome (24), and a dedicated DNA trans-
porter, which is a cell envelope-spanning protein complex. It is
assumed that this DNA transporter also secretes a filamentous
surface appendage, the sex pilus, which is required for initial
contact with recipient cells. This DNA and protein transloca-
tion machinery required for bacterial conjugation is ancestrally
related to protein secretion machineries of pathogenic gram-
negative bacteria and represents a subsystem of type IV secre-
tion (T4S) systems (for recent reviews see references 7 and 35).

The expression of plasmid-encoded T4S system genes which
are required for DNA transfer is controlled at various levels
both by plasmid and host factors. In repressed F-like plasmids
of enterobacterial origin (R1, R100, and pSLT) plasmid- and
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chromosome-encoded regulators act together to form a com-
plex regulatory circuit (Fig. 1). The regulatory system of plas-
mid R1 is dominated by repression of raJ mRNA translation
via the FinOP repressor system (19, 20). This repressor system
is very efficient, and only a small fraction of a given cell pop-
ulation (approximately 0.1% in logarithmically growing cells)
can escape from FinOP control. This leads to synthesis of Tral,
which then reaches an (unknown) threshold concentration re-
quired for the transcriptional activation of transfer genes. The
Tral protein stimulates transcription of the tra operon from
the Py, promoter, a process for which the host-encoded ArcA
response regulator is necessary (39, 44, 45). It has been shown
that ArcA-P, the phosphorylated form of this response regu-
lator, binds to the Py, promoter region in vitro (44), suggesting
that ArcA-P can activate transcription from this promoter in
vivo. The molecular mechanism underlying Py promoter acti-
vation by TraJ and ArcA, however, is unclear. The TraY pro-
tein, encoded by the first gene of the fra operon, is a sequence-
specific DNA binding protein with binding sites in cognate oriT
and Py, promoter regions (15, 28). TraY participates in DNA
processing for transfer (17, 27) and has been identified as a
positive regulator of rraM transcription (30, 42). Furthermore,
it has been proposed that TraY is involved in transcriptional
regulation of the #ra operon, where it presumably acts as a
repressor as reported for plasmid R100 (45). TraY of F binds
with fivefold-higher affinity to its binding site at oriT (28); thus
it seems likely that TraY first pushes the system to the “on”
state, and only when TraY molecules accumulate would TraY
then serve to turn the system off (i.e., the default state in
repressed plasmids) by binding to the Py promoter. Another
protein involved in regulation of fra gene expression is TraM.
The TraM protein promotes contact formation between the
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FIG. 1. Schematic representation of the R1 #ra region and its regulation by plasmid-encoded factors. Positive regulation is indicated by arrows
and negative regulation by black bars. Further details are outlined in the text.

DNA to be transferred and the T4S machinery via interaction
with the coupling protein TraD (1, 9, 26). In addition, by
binding as a tetramer to several sites in the oriT region over-
lapping with the Py, promoters (31, 49) it acts as a relaxosomal
component (22) and a transcriptional autorepressor (36).
Besides ArcA, several other host factors that have the po-
tential to regulate the expression of the #ra genes have been
identified. IHF has been reported to be required for Tral-
catalyzed nicking at oriT (17, 27) and transfer gene expression
(8, 10). H-NS (40, 52), Lrp (2, 40), and cyclic AMP receptor
protein (41) are believed to act in response to the physiology of
the host cell and primarily affect conjugation by regulating
transcription from the P; promoter. In addition, the methyl-
ation state of the DNA can influence the expression of fraJ and
finP, as shown in case of the pSLT virulence plasmid (24, 48).
Hfq, an RNA chaperone, can destabilize traM and traJ mRNAs
and decrease the synthesis of the corresponding proteins (51).
Last but not least, it has been demonstrated that protein TralJ
is unstable in a cpxA™* background, in which the sensor kinase
of the CpxAR system constitutively activates the response reg-
ulator CpxR (13). However, the mechanism responsible for
Tral destabilization initiated by constitutive activation of
CpxR remained unclear. Thus, as outlined above, multiple
regulatory inputs by host factors ultimately determine whether
in repressed plasmids Py, promoter activation by the plasmid-
encoded activator protein TralJ and transfer gene expression
will eventually occur. This complex regulation of conjugative
functions by host factors is thought to optimally adjust the
expression level of the transfer genes to the physiological con-

dition of the bacterial host in order to minimize the metabolic
burden and to maximize the success of horizontal DNA spread
(55).

Recent studies in our laboratory revealed that the expres-
sion and assembly of the Rl-encoded T4S machinery elicit
extracytoplasmic and cytoplasmic stress responses (54). The
cytoplasmic stress response mediated by the expression/assem-
bly of the T4S machinery is highly similar to the classical heat
shock response, including increased levels of the heat shock
sigma factor 032 and concomitant transcriptional induction of
the heat shock regulon. Among the activated genes in this
regulon are the dnaJK and groESL operons, encoding the two
main chaperone machineries in Escherichia coli. Based on
these observations that sex factor expression induces stress in
bacterial cells, we suggested a model in which the elicited stress
response may down-regulate or fine-tune transfer gene expres-
sion in order to limit potentially detrimental effects to the cell
(54). Here we test the validity of this model. By using heat
shock as a tool to induce the expression of heat shock proteins
(HSPs) we show that heat shock severely reduces transfer of
plasmid R1-16, a derepressed variant of plasmid R1. We also
show that this process depends on the presence of a functional
GroEL protein. We describe that the master regulator of fra
operon transcription, TraJ, becomes unstable after heat shock
and that GroEL plays a key role in its destabilization.

MATERIALS AND METHODS

Bacterial strains and plasmids. The E. coli strains and plasmids used in this
study are listed in Table 1. The traJ gene was amplified using the oligonucleotide

TABLE 1. Strains and plasmids

Strain or plasmid

Genotype or description

Source and/or reference

Bacterial strains

MC4100 F~ araD139 A(argF-lac)V169 rpsL150 relA1 flbB5301 deoC1 ptsF25 rbsR 5

J5 F~ pro met lact \* IMB collection

NRK117 MC4100 groEL44(Ts) zje::Tnl10 Tc* K. Ito; 23
Plasmids

R1-16 Derepressed variant of IncFII plasmid R1, Km* 12

pARI183 Variant of IncFII plasmid R1, Km* A. Reisner; 33

pGZ119EH ColD replicon, IPTG-inducible expression vector, Cm" 25

pTGNF4 N-terminally FLAG-tagged #ra/ cloned into pGZ119EH This study

pTGCF1 C-terminally FLAG-tagged traJ cloned into pGZ119EH This study

pGEX-traY N-terminal GST-tagged fraY cloned into pGEX-6P-1 (Pharmacia Biotech) E. Zechner

pExtraM Temp-inducible TraM expression vector, Ap* 49
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pair traJ-N-flag (TAGAATTCCATGGACTACAAAGACGACGATGACAAG
TGTGCGCTGGACCGTAGA) and traJ-C (CGTCTAGATTATTACTTAACA
CCATAAAATTCACG) for addition of an N-terminal FLAG tag and the oli-
gonucleotide pair traJ-N (TAGAATTCCATGGCGCTGGACCGTAGAG) and
traJ-C-flag (CGTCTAGATTATTACTTGTCATCGTCGTCTTTGTAGTCCTT
AACACCATAAAATTCACG) for addition of a C-terminal FLAG tag. Under-
lined letters in the oligonucleotide sequences indicate the DNA sequence of the
FLAG peptide (DYKDDDDK). The PCR fragments were restricted with EcoRI
and Xbal (recognition sequences are indicated by italics in the oligonucleotide
sequences) and ligated into pGZ119EH, yielding pTGNF4 (FLAG-TraJ expres-
sion vector) and pTGCF1 (TraJ-FLAG expression vector). The inserted se-
quences were verified by DNA sequencing. The GST-TraY expression plasmid
pGEX-traY was kindly provided by E. Zechner.

Media and growth conditions. For all experiments 2X TY medium (16 g
tryptone liter !, 10 g yeast extract liter !, and 5 g NaCl liter ~!; prewarmed to the
respective incubation temperature) was used. Cultures were grown in Erlen-
meyer flasks (300-ml total volume for stability experiments and pull down assays
and 100-ml total volume for all other experiments) in a shaking water bath to
provide aeration. E. coli precultures (4- to 10-ml culture volumes) grown to
stationary phase at 22°C or 37°C were diluted 1:22 or 1:50 (for protein stability
and pull down experiments) into prewarmed medium (50 ml for stability exper-
iments and pull down assays and 18 ml for all other experiments) and incubated
at 37°C or 43°C. For RNA and protein isolation at various time points after heat
shock or dilution into fresh medium 5 x 10° CFU of the cultures (between 0.5
and 4 ml) were harvested by centrifugation at 2,600 X g for 4 min at 4°C and the
cell pellets were quickly frozen in liquid nitrogen and stored at —70°C until
further processing steps were applied. When necessary, antibiotics were added to
the following concentrations: 100 pg ampicillin ml~!, 20 pg chloramphenicol
ml™!, 40 pg kanamycin ml~!, 15 pg tetracycline ml~!, and 200 g rifampin ml~".

Preparation of RNA and Northern blot analyses. Total RNA was isolated from
E. coli cells harvested as described above using the RNeasy minikit (QIAGEN),
by following the manufacturer’s protocol (available from http://wwwl.qiagen
.com/literature/). RNA concentration was determined by measuring the absorp-
tion at 260 nm. Northern blot analysis was performed according to reference 34.
Briefly, 5 pg of total RNA from each sample was denatured and separated in a
1.2% agarose gel containing 1.2 M formaldehyde. RNA was transferred onto a
nylon membrane (Hybond-N; Amersham Biosciences) by capillary transfer and
cross-linked by UV radiation. For hybridization and detection, reagents of the
DIG-High Prime DNA Labeling and Detection Starter Kit IT (Roche Applied
Science) were used according to the manufacturer’s protocol (http://www.roche
-applied-science.com/pack-insert/1585614a.pdf). The tra4 and traJ DNA probes
were PCR amplified from plasmid R1-16 using the oligonucleotide pairs traA_fw
(CGTCTGAATATGCTTCGCC) and traA_rev (AGAACCGCTGCACCAA
TAC) and traJ-N and traJ-C (see above). The probes were labeled with digoxi-
genin-11-2'-deoxyuridine-5'-triphosphate (DIG-11-dUTP; Roche Applied Sci-
ence). For detection an anti-DIG-11-dUTP alkaline phosphatase conjugate and
disodium 3-(4-methoxyspiro-[1,2-dioxetane-3,2-{5-chloro}-tricyclo-{3.3.1.13,7}-
decan-4-yl] phenyl phosphate) (CSPD) were used. The chemiluminescent bands
were visualized on X-ray films. For quantification of the signals the blots were
scanned densitometrically using a Personal densitometer (Molecular Dynamics)
and ImageQuant 5.1 software (Molecular Dynamics).

Determination of TraM levels after heat shock. For determination of steady-
state TraM levels E. coli MC4100(R1-16) and E. coli NRK117(R1-16) cultures
were grown and harvested as described above. The cell pellets were resuspended
in lysis buffer (20 mM Tris-HCI, pH 7.5, 200 mM NaCl, 1 mM EDTA) and lysed
by sonication four times for 30 seconds each with a Branson sonifier 250 using a
microtip. To avoid heat denaturation of proteins, samples were cooled on ice.
After removal of cell debris by centrifugation for 10 min at 5,000 X g and 4°C the
protein concentration of each supernatant was determined using the Bio-Rad
protein assay. Proteins were precipitated with 10% trichloroacetic acid for 30
min on ice. After centrifugation for 10 min at 23,000 X g and 4°C the protein
pellets were washed three times with 1 ml ice-cold double-distilled water. Protein
pellets were dissolved in final sample buffer, and sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis and Western blotting were essentially per-
formed as described previously (31). Briefly, 20 wg of total protein per lane was
separated on a 15% SDS-polyacrylamide gel (PAG). After electrophoresis, pro-
teins were electrotransferred onto nitrocellulose membranes (Immobilon-P; Mil-
lipore). Subsequently the membranes were blocked for 15 min with TST buffer
(50 mM Tris-HCI, 150 mM NaCl, 0.1% Tween 80) containing 3% dry milk
(Bio-Rad). The immunological detection of TraM was performed using an af-
finity-purified polyclonal antiserum raised against purified TraM (31) diluted
1:2,000 in TST buffer containing 1% dry milk, and horseradish peroxidase-
conjugated anti-rabbit immunoglobulin G (diluted 1:15,000 in TST buffer con-
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taining 1% dry milk; Sigma-Aldrich). For immunological detection of GroEL a
horseradish peroxidase-conjugated polyclonal antibody (Sigma-Aldrich; diluted
1:15,000 in TST buffer containing 1% dry milk) was used by following the
manufacturer’s instructions. For photochemical detection the ECL system (Am-
ersham Biosciences) was used. Quantification was performed as described above.

Mating assays. Overnight cultures of the donor strains E. coli MC4100(R1-16)
and E. coli NRK117(R1-16) grown at 22°C (for subsequent heat shock) or 37°C
(no heat shock) in 2X TY medium containing the appropriate antibiotics were
diluted 1:22 into 18 ml of fresh, prewarmed medium and further incubated at
43°C (heat shock) or 37°C (no heat shock). Directly after dilution as well as 15
min before the time points, indicated in the figure legends, after heat shock or
dilution, 450 pl of the cultures was transferred into prewarmed 1.5-ml reaction
tubes and 50 pl of the recipient strain E. coli J5 from an overnight culture grown
at 37°C was added. To allow mating, the suspensions were further incubated at
37°C or 43°C for 15 min. DNA transfer was interrupted by vigorously mixing for
1 min. Serial dilutions prepared in 0.9% NaCl were plated on MacConkey agar
containing kanamycin and incubated at 37°C to allow formation of colonies. The
preincubation time at 37°C or 43°C plus 15 min of mating represent the total time
in minutes after dilution or heat shock. The conjugation frequency is expressed
as the number of transconjugants (red colonies) per donor cell (white colonies).
Heat shock mating assays with concomitant expression of TraJ-FLAG were
performed as described above with wild-type and groEL(Ts) cells both harboring
the repressed conjugative plasmid pAR183 (a kind gift from A. Reisner) and
plasmid pTGCF1. Expression of TraJ-FLAG was induced by addition of 0.5 mM
IPTG (isopropyl-B-p-thiogalactopyranoside). For Western blot analyses of TraJ-
FLAG and maltose binding protein (MBP) 1-ml aliquots of the donor cultures
were harvested as described above after heat shock. The cell pellets were resus-
pended in phosphate-buffered saline buffer, and proteins corresponding to 0.2
unit of optical density at 600 nm were separated electrophoretically in 12.5%
SDS-PAG. Following transfer of proteins onto a nitrocellulose membrane Tral-
FLAG was detected immunologically using an anti-FLAG antibody (Sigma;
diluted 1:4,000 in TST buffer containing 1% dry milk powder) and an anti-mouse
horseradish peroxidase conjugate (Amersham Pharmacia; diluted 1:15,000 in
TST buffer containing 1% dry milk powder). MBP was detected as described
previously (53).

Stability of GST-TraY, FLAG-Tra]J, and TraJ-FLAG. Overnight cultures of E.
coli MC4100 and E. coli NRK117 cells harboring either pPGEX-traY or pTGNF4
or pTGCF1 grown to stationary phase at 37°C in 2X TY medium containing the
appropriate antibiotics were diluted 1:50 into 50 ml of fresh medium and incu-
bated for 60 min at 37°C in a shaking water bath. The expression of fusion
proteins was induced by addition of IPTG (0.075 mM for GST-TraY expression
and 0.5 mM for FLAG-TraJ and TraJ-FLAG expression). After 60 min 1-ml
aliquots of the cultures were harvested by centrifugation at 2,600 X g for 4 min
at 4°C as an expression control. The cultures were then centrifuged at 2,600 X g
for 5 min at 27°C, and the cell pellets were resuspended in 40 ml of 2X TY
medium containing 0.2% glucose prewarmed to 43°C. After a 15-min incubation
at 43°C 1-ml aliquots were harvested as described above. Subsequently, rifampin
was added to the cultures to inhibit further transcription. Fifteen, 30, and 45 min
after addition of rifampin 1-ml aliquots were harvested as described above. The
cell pellets were resuspended in phosphate-buffered saline buffer, and proteins
corresponding to 0.2 unit of optical density at 600 nm were separated electro-
phoretically in 12.5% SDS-PAG. After proteins were transferred onto a nitro-
cellulose membrane, GST-TraY was detected with a glutathione S-transferase
(GST)-specific antibody (Sigma; diluted 1:16,000 in TST buffer containing 1%
dry milk) and horseradish-peroxidase-conjugated anti-rabbit immunoglobulin G.
FLAG-Tral, TraJ-FLAG, and MBP were detected as described above. Bands on
X-ray films were quantified as described above. Half-lives of proteins were
calculated using the Prism software, version 3.03 (Graph Pad Software Inc.).

Stability of TraM. Overnight cultures of E. coli MC4100 and E. coli NRK117
harboring pExtraM (49) were grown to stationary phase at 30°C, diluted 1:50 into
50 ml of fresh medium, and incubated for 60 min at 30°C. The expression of
TraM was induced by shifting the cultures to 37.8°C. After 60 min 1-ml aliquots
of the cultures were harvested by centrifugation at 2,600 X g for 4 min at 4°C as
an expression control. All subsequent steps were performed as described for
GST-TraY and FLAG-tagged Tral.

Pull down assay. Overnight cultures of E. coli MC4100 and E. coli NRK117
cells both harboring either pGZ119EH (vector control) or p TGNF4 were diluted
1:50 into 100 ml of 2X TY medium containing chloramphenicol and incubated
for 60 min at 37°C. Then the cultures were shifted to 43°C, and 1 mM IPTG was
added for induction of FLAG-TralJ expression. After 45 min cells were harvested
by centrifugation for 5 min at 2,600 X g and 4°C. After a washing, the cells were
resuspended in 1.5 ml PD buffer (20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM
EDTA) containing complete protease inhibitor (Roche Diagnostics) and lysed
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by sonication as described above. After addition of Triton X-100 (0.1% final
concentration) and incubation on ice for 10 min cell debris was removed by
centrifugation as described above and the crude extract was transferred into a
fresh 1.5-ml reaction tube. Five hundred microliters of the crude extract was
incubated with 40 wl of anti-FLAG M2 affinity gel (Sigma; equilibrated with PD
buffer containing Triton X-100) on ice for 90 min. The affinity gel matrix was then
sedimented by centrifugation at 10,000 rpm for 10 seconds in a microcentrifuge.
The supernatant was removed, and the affinity gel matrix was washed three times
with 350 wl of cold PD buffer containing Triton X-100. For elution of proteins
the affinity gel matrix was incubated with 100 pl 0.1 M glycine-HCI, pH 3.5, at
room temperature for 5 min and then sedimented as described above. The
supernatant was transferred into a fresh 1.5-ml reaction tube containing 10 .l
neutralization buffer (0.5 M Tris-HCI, 1.5 M NaCl, pH 7.5). Proteins of the crude
extracts and in the pull down eluates were separated electrophoretically on
12.5% SDS-PAG and FLAG-Tral, GroEL, and MBP were detected by immu-
noblotting as described above.

RESULTS

A functional GroEL protein is essential for the efficient
repression of conjugative transfer and transfer gene expres-
sion of plasmid R1-16 after heat shock. We previously found
that expression and assembly of the T4S machinery encoded by
plasmid R1 elicited extracytoplasmic and cytoplasmic stress
responses in E. coli. Based on our findings we proposed a
model in which a negative-feedback loop existed to ensure
proper fine-tuning and to limit transfer gene expression (54).
Our model predicted that the induction of HSPs negatively
affects conjugative transfer and transfer (fra) gene expression.
To test the validity of our model, we used heat shock as a tool
to induce the expression of HSPs in cells harboring R1-16. To
investigate a possible role of the heat shock chaperonin
GroEL, we compared DNA transfer and ra transcript levels in
wild-type and groEL(Ts) cells carrying the well-characterized
E191G mutation in GroEL, which is encoded by the groEL44
allele (6). Our experimental setup was designed to allow
induction of HSPs by heat shock and concomitant shift of
groEL(Ts) cells to the restrictive temperature of 43°C (for
details see Materials and Methods). For the investigation of
the fra transcript levels we used a probe specific for the stable
region of the tra transcript, which comprises the #raA4 coding
sequence and the 5’ region of the #raL coding region (18, 21).
At 22°C no conjugative DNA transfer was detectable in wild-
type and groEL(Ts) cells and no traA transcripts were detect-
able (Fig. 2A and 3A and B). It is important that, at 22°C in E.
coli cells harboring the derepressed plasmid R1-16, at no time
during growth is transfer gene expression detectable nor does
any DNA transfer occur (data not shown), suggesting a sup-
pression of fra expression at low temperatures. Compared to
what was found for non-heat-shocked cells (Fig. 2B), heat
shock had severe effects on transfer of R1-16 in wild-type cells
(Fig. 2A). Fifteen minutes after shift from 22°C to 43°C con-
jugative DNA transfer was below 1 X 10~ transconjugant per
wild-type donor cell and increased to a still very low level of
1 X 10~* after 130 min of incubation at 43°C. Full transfer
competence (0.1 transconjugant per donor cell) of wild-type
cells was gained 180 min after heat shock, indicating that the
increased temperature per se does not inhibit DNA transfer. In
line with the observation of severely reduced DNA transfer, no
traA transcripts were detectable in wild-type cells 15 and 45
min after heat shock (Fig. 3A and B). Ninety minutes after
heat shock the fraA transcript level increased dramatically
(about 100-fold) but slightly decreased over further incubation
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FIG. 2. Heat shock represses transfer of R1-16 in a GroEL-depen-
dent way. Mating assays with E. coli MC4100 cells (wild type [wt]) and
NRK117 cells [groEL(Ts)] harboring R1-16 were performed as de-
scribed in Materials and Methods. (A) Heat shock mating assays. Cells
carrying the groEL(Ts) allele gained full transfer competence (>0.1
transconjugant per donor cell) 90 min after heat shock, whereas wild-
type cells gained full transfer competence 180 min after heat shock.
(B) Mating assays without heat shock. Both strains gained full transfer
competence 45 min after dilution. The transfer frequencies are ex-
pressed as transconjugants per donor cell. Shown are means = stan-
dard deviations of at least three independent experiments. Data points
that are not depicted indicate that DNA transfer was not detectable at
these time points (transfer frequency < 10~ transconjugant per donor
cell). St, stationary phase.

at 43°C. In comparison, non-heat-shocked wild-type cells al-
ready resumed tra transcription 15 min after dilution into fresh
medium (Fig. 3C and D).

In sharp contrast to that from wild-type cells, DNA transfer
from cells carrying the groEL(Ts) allele was clearly detectable
15 and 45 min after heat shock (Fig. 2A; 1.6 X 10~* transcon-
jugant per donor cell after 15 min and 3.8 X 10~ transconju-
gant per donor cell after 45 min). These cells gained full trans-
fer competence 90 min after heat shock. It is important that
incubation of the groEL(Ts) strain at the restrictive tempera-
ture arrested cell division but did not lead to cell death during
the duration of the experiment (data not shown). Therefore,
the increased transfer frequencies of groEL(Ts) cells compared
to wild-type cells after heat shock were not an artifact caused
by death of the temperature-sensitive donor strain. In compli-
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FIG. 3. Heat shock represses fra operon transcription in a GroEL-dependent way. Northern blot analyses of #ra4 mRNA levels in E. coli
MC4100(R1-16) (wild type [wt]) and NRK117(R1-16) [groEL(Ts)] with (A) and without (C) heat shock. The 23S rRNA is shown as a loading
control. (B and D) Quantification of tra4 signals. The traA signal intensities were normalized against the amount of RNA loaded on the gel, and
the intensities of the traA signals in wild-type cells 90 min after heat shock or dilution were set as 1. Data points that are not depicted indicate that
traA mRNA was not detectable at these time points. Experiments were repeated twice; one representative result is shown. St, stationary phase at

22°C/37°C.

ance with the results of the mating assays groEL(Ts) cells
showed weak but detectable levels of the fraA4 transcripts 15
and 45 min after heat shock. At 90 min after heat shock the
traA transcript level was similar to the that of the wild-type
strain. In contrast to those of the wild-type strain, groEL(Ts)
strain traA transcript levels further increased 120 and 180 min
after heat shock, indicating deregulation of fra operon tran-
scription (Fig. 3A and B).

Northern blot analyses of #raA transcript levels and mating
assays without heat shock showed that after stationary-phase
repression wild-type and groEL(Ts) cells both resumed conju-
gation and fra operon transcription 15 min after dilution into
fresh medium and gained full transfer competence after 45 min
(Fig. 2B and 3C and D), demonstrating highly similar regula-
tory kinetics of conjugative DNA transfer at the permissive
temperature. However, the typical repression of DNA transfer
in stationary-growth phase (52, 54) was not as pronounced in
groEL(Ts) cells as in wild-type cells. Upon prolonged incuba-
tion at 37°C a slight decrease in transfer frequency of R1-16
could be observed in both cases, reflecting the reentry of the
strains into stationary phase (Fig. 2B).

Taken together our data strongly suggested that heat shock
transiently repressed fra gene expression and conjugative
transfer of plasmid R1-16 in wild-type cells. Results obtained
with the groEL(Ts) strain suggested that the heat shock chap-
eronin GroEL (HSP60) is involved in this repression process.
The following experiments were designed to elucidate the role
of GroEL in regulation of fra gene expression and conjugative
DNA transfer.

In groEL(Ts) cells steady-state levels of the essential trans-
fer protein TraM are increased after heat shock. The traM
gene is transcribed separately from the fra operon, and its

expression is positively affected by TraY, encoded by the first
gene of the tra operon (Fig. 1). Therefore we reasoned that
steady-state levels of protein TraM should be affected by heat
shock. Wild-type and groEL(Ts) cells both harboring R1-16
were either subjected to heat shock or incubated at 37°C, total
proteins were separated by SDS-polyacrylamide gel electro-
phoresis, and Western blotting was performed with anti-TraM
and anti-GroEL antisera. GroEL levels were analyzed in order
to monitor the heat shock response. In stationary phase at 37°C
the TraM protein levels in wild-type cells were fourfold lower
than they were 15 min after dilution into fresh medium (Fig.
4C and D). Compared to wild-type cells no significant differ-
ences in TraM steady-state levels were detectable in groEL(Ts)
cells grown at the permissive temperature. At 22°C no TraM
was detectable in both wild-type and groEL(Ts) cells (Fig. 4A
and B). Similar to heat shock-mediated repression of conjuga-
tive DNA transfer and fra operon transcription in wild-type
cells—and in sharp contrast to non-heat-shocked cells—the
steady-state levels of TraM were significantly reduced in wild-
type cells until 90 min after heat shock. Maximum TraM levels
were reached 120 min after heat shock, and again a slight
decrease could be observed after 180 min. The results obtained
by Northern blot analyses of #ra transcript levels and Western
blot analyses of TraM levels after heat shock imply that in a
first step transcription of the fra operon resumes at about 90
min after heat shock and TraY and other Tra proteins are
synthesized. As a consequence of increased TraY levels TraM
synthesis becomes fully activated.

In groEL(Ts) cells no reduction of the TraM levels was
detectable after heat shock (Fig. 4A and B). Therefore, similar
to its role in DNA transfer and fra operon transcription,
GroEL plays a key role in the heat shock-mediated reduction
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FIG. 4. After heat shock TraM steady-state levels are transiently reduced dependent on a functional GroEL protein. Western blot analyses of
TraM and GroEL steady-state levels in E. coli MC4100(R1-16) (wild type [wt]) and NRK117(R1-16) [groEL(Ts)] were performed with (A) and
without (C) heat shock. (B and D) Quantification of TraM and GroEL signals. The intensity of the TraM or the GroEL signals in wild-type cells

90 min after heat shock or dilution was set as 1. Data points that are not
stationary phase at 22°C/37°C.

of TraM steady-state levels. We considered two possible ex-
planations for these observations: (i) indirectly, GroEL could
be involved in transcriptional regulation of the plasmid-en-
coded key regulatory genes traM, traY, and traJ and (ii) GroEL
could be involved in stabilization or destabilization of TraM,
TraY, and/or TralJ. Further experiments were designed to test
these hypotheses.

Identification of protein TraJ as a target of GroEL-medi-
ated proteolysis. To investigate if GroEL is directly involved in
the regulation of the traM promoter (Py,), the traY promoter
(Py), or the traJ promoter (P,) after heat shock, we performed
B-galactosidase assays with wild-type and groEL(Ts) cells car-
rying a traM-lacZ fusion (31), a traY-lacZ fusion (44), or a
traJ-lacZ fusion (20). No differences in Py, Py, and P; pro-
moter activities in wild-type and groEL(Ts) cells could be ob-

depicted indicate that no protein was detectable at these time points. St,

served after heat shock (data not shown), demonstrating that
GroEL is not involved in regulating these promoters. There-
fore we tested whether the induction of HSPs affects the sta-
bility of plasmid-encoded key regulators as outlined above and
a possible involvement of GroEL in this process. To address
this question, we compared the stabilities of TraM, of a func-
tional GST-TraY fusion, and of functional either N- or C-
terminally FLAG-tagged TraJ (named FLAG-TraJ or Tral-
FLAG, respectively) in wild-type and groEL(Ts) cells after
heat shock (for details see Materials and Methods). These
analyses revealed that both TraM and TraY were highly stable
after heat shock and no differences in stabilities in wild-type
and groEL(Ts) cells were observed (Fig. 5A). In control exper-
iments we determined the stabilities of FLAG-TraJ and Tral-
FLAG in wild-type cells which had not been subjected to heat
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FIG. 5. GroEL is involved in destabilization of FLAG-TraJ and TraJ-FLAG after heat shock. Stabilities of TraM, GST-TraY, FLAG-Tral,
TraJ-FLAG, and MBP in E. coli MC4100 cells (wild type [wt]) and NRK117 cells [groEL(Ts)] after heat shock were determined as described in
Materials and Methods. (A) Western blot analyses were performed with total cell lysates after induction of TraM, GST-TraY, FLAG-Tral, or
TraJ-FLAG expression (+), immediately before (0) and 15, 30, and 45 min after addition of rifampin using antibodies specific for TraM, for GST,
for the FLAG peptide, and for MBP. «, anti. (B) Quantification of the FLAG-TraJ and TraJ-FLAG signals shown in panel A. The time zero signals

were set as 1. Shown are the results of one representative experiment.

shock (Fig. 6A). Even without heat shock FLAG-TraJ and
TraJ-FLAG proteins were less stable than TraM and Tray,
implying rapid turnover and high susceptibility of TraJ to pro-
teases.

In contrast to TraM and GST-TraY and further underscor-
ing the high protease susceptibility, both FLAG-Tral and
TraJ-FLAG were highly destabilized in wild-type cells after
heat shock and half-lives decreased to less than 20 min (Fig. 5SA
and B). However, in groEL(Ts) cells the half-lives of these
proteins were significantly longer, exceeding 40 min in both
cases. As a control we determined the half-life of MBP after a
shift to 43°C. No difference in the half-lives of MBP was de-
tectable in wild-type and groEL(Ts) cells, excluding the possi-
bility of general protein destabilization after heat shock. To
exclude the possibility that the differences in FLAG-TraJ and
TraJ-FLAG stability are the result of altered mRNA degrada-
tion, we isolated total RNA of wild-type and groEL(Ts) cells
expressing these proteins immediately before and at different
time points after addition of rifampin. Subsequent Northern
blot analyses were performed using a traJ-specific probe. The
traJ transcript levels before addition of rifampin were similar in
wild-type and groEL(Ts) cells (Fig. 6B), indicating that RNA
degradation was only marginally affected by the groEL(Ts)
mutation. Thirty minutes after addition of rifampin no traJ
transcripts were detectable in both cases (not shown). There-
fore, the increased half-lives of FLAG-Tral and TraJ-FLAG in
groEL(Ts) cells after heat shock can be attributed to protein
stabilization.

GroEL interacts with TraJ in vivo. If GroEL was indeed
involved in proteolysis, we hypothesized that it then should
interact, albeit transiently, with TraJ. Thus, we tested experi-
mentally if GroEL could be pulled down with FLAG-TralJ
expressed in wild-type and groEL(Ts) cells using anti-FLAG

A
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FIG. 6. (A) FLAG-Tral] and TraJ-FLAG are more stable without
heat shock. Stability of FLAG-TraJ and TraJ-FLAG in E. coli MC4100
cells harboring either pTGNF4 or pTGCF1 was determined as de-
scribed in Materials and Methods. Western blot analyses were per-
formed with total cell lysates after induction of FLAG-TraJ and Tral-
FLAG expression (+) immediately before (0) and 15, 30, and 45 min
after addition of rifampin using an antibody specific for the FLAG
peptide. (B) GroEL is not involved in regulating traJ and mRNA
stability. Heat-shocked E. coli MC4100 (wild type [wt]) and NRK117
cells [groEL(Ts)] harboring either pTGNF4 or pTGCF1 were har-
vested immediately before (0) and at the indicated time points (min-
utes) after addition of rifampin to the cultures. Total RNA was iso-
lated, and Northern blot analyses were performed using a traJ-specific
probe. The arrow indicates the signal corresponding to the fraJ tran-
scripts. 23S and 16S rRNAs are shown as a loading control.
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FIG. 7. The GroEL temperature-sensitive (ts) protein traps
FLAG-Tral. Pull down experiments with lysates of E. coli MC4100
(wild-type [wt]) and NRK117 [groEL(Ts)] cells harboring either
pGZ119EH (vector control; —) or pTGNF4 (FLAG-TraJ expression
vector, +) shifted to 43°C were performed as described in Materials
and Methods. Proteins in the cell lysates and in the pull down eluates
were separated electrophoretically and analyzed by immunoblotting
with antibodies specific for the FLAG peptide, for GroEL, and for
MBP as a control. Shown are the results of one representative exper-
iment.

agarose (for details see Materials and Methods). As shown in
Fig. 7, a weak GroEL signal was visible in the eluate when
wild-type cells expressing FLAG-TraJ were used. In contrast, a
strong GroEL signal was present in the eluate in the case of
groEL(Ts) cells expressing FLAG-TraJ. These data can be
explained by the trapping of TraJ in the GroEL44 mutant
protein at the nonpermissive temperature of 43°C. It is con-
ceivable that, in this case, FLAG-TraJ cannot be prepared for
proteolytic degradation by an as yet unknown GroEL-depen-
dent protease and remains stable (Fig. 5). In the case of wild-
type GroEL, FLAG-Tral] is rapidly degraded, as reflected by a
lower stability and by its absence in the eluate (Fig. 7). These
data corroborate the finding that proteolysis of TraJ, at least in
part, proceeds via GroEL and show that GroEL directly inter-
acts with TraJ in vivo.

GroEL-dependent TraJ degradation is physiologically rele-
vant. To validate the physiological relevance of the observed
GroEL-mediated destabilization of TraJ in wild-type cells after
heat shock, we exploited the fact that FLAG-tagged TraJ ex-
pressed in trans can induce a repressed plasmid R1 variant with
a functional FinOP system (pAR183; transfer frequency ap-
proximately 10~ transconjugant per donor cell) to full transfer
competence. We hypothesized that the increased half-life of
Tral in groEL(Ts) cells after heat shock should result in higher
steady-state levels of this protein compared to that in wild-type
cells. As a consequence, induction of transfer of pAR183
should be detectable earlier after heat shock in groEL(Ts) cells
than in wild-type cells.

At 22°C no transfer of pAR183 was detectable in wild-type
and groEL(Ts) cells although cells expressed TraJ-FLAG (data
not shown). These results imply that TraJ provided in trans
cannot overcome repression of DNA transfer at low temper-
atures. Fifteen minutes after heat shock transfer of pAR183
was still below the detection limit in wild-type cells irrespective
of induction of TraJ-FLAG expression with IPTG (Fig. 8A).
However, when cells carried the groEL(Ts) allele, conjugative
transfer was clearly detectable 15 min after heat shock. These
results are similar to those obtained with plasmid R1-16 and
demonstrate that the TraJ-FLAG fusion protein provided in
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FIG. 8. Derepression of pAR183 transfer after heat shock in wild-
type and groEL(Ts) (ts) cells. (A) Heat shock mating assays with E. coli
MC4100 cells (wild type [wt]) and NRK117 cells [groEL(Ts)] harboring
both the repressed plasmid pAR183 and the TraJ-FLAG expression
plasmid pTGCF1 were performed as described in Materials and Meth-
ods. Fifteen minutes after heat shock conjugative transfer was clearly
detectable in the case of groEL(Ts) cells whereas no transfer was
detectable in the case of wild-type cells. (B) Western blot analyses of
TraJ-FLAG steady-state levels after heat shock in wild type and gro-
EL(Ts) cells harboring plasmid pAR183 and the TraJ-FLAG expres-
sion plasmid. TraJ-FLAG accumulated in groEL(Ts) cells, in contrast
to wild-type cells, after heat shock. Steady-state levels of MBP are
shown as a loading control.

trans can functionally substitute for the TraJ protein, which
operates in the context of the natural conjugation system. In
line with this finding Western blot analyses showed that the
steady-state levels of TraJ-FLAG were significantly higher in
groEL(Ts) cells than in wild-type cells (Fig. 8B). As already
seen with R1-16 (Fig. 2A), transfer of pAR183 from wild-type
and groEL(Ts) donors reached similar frequencies at later time
points. As predicted, and corroborating our hypothesis that
degradation of TralJ is dependent on GroEL, prolonged incu-
bation of groEL(Ts) cells at 43°C resulted in accumulation of
TraJ-FLAG (Fig. 8B).

DISCUSSION

We here report that the heat shock chaperonin GroEL is
involved in destabilization of Tral, the master activator of tra
operon transcription in F-like conjugative plasmids. As evi-
denced by the results of our experiments, turnover of protein
Tral is highly reduced in a groEL(Ts) mutant at the restrictive
temperature. In line with these observations we found that
overexpression of GroESL reduced DNA transfer 10-fold (our
unpublished results). We propose that GroEL triggers degra-
dation of Tral by binding and partially unfolding the protein,
thereby facilitating access of the as yet unknown heat shock
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protease(s) responsible for subsequent proteolysis. This is a
likely explanation for our observations. It has been proposed
that, besides correct folding of newly synthesized or misfolded
proteins during cellular stress, chaperone complexes like
DnalJK/GrpE or GroESL also stimulate degradation of pro-
teins by ATP-dependent proteases such as Lon or Clp (16, 37,
38). Why is TralJ stabilized in the groEL(Ts) strain at the
restrictive temperature? It has been suggested that the E191G
mutation in GroEL, which is encoded by the groEL44(Ts)
allele, leads to weakened interaction between GroEL and its
cochaperone GroES (6). Therefore, it seems likely that Tral is
not or only very slowly released from the mutant GroEL. We
suggest that this prolonged interaction results in the “clogging”
of the GroEL-dependent degradation pathway and that there-
fore Tral is stabilized in groEL(Ts) cells. Supporting this hy-
pothesis is the fact that GroEL interaction with FLAG-TralJ at
the nonpermissive temperature can be readily shown in the
temperature-sensitive strain. Tral is the master activator of tra
operon transcription, and our data strongly suggest that it is
the key target of triggered proteolysis under stressful condi-
tions. We could demonstrate the physiological relevance of this
process since the increased stability of TraJ in groEL(Ts) cells
led to earlier induction of plasmid pAR183 transfer after heat
shock compared to that in wild-type cells. We suggest that in
wild-type cells rapid destabilization of TralJ, not only in re-
sponse to heat shock but also in response to other stress con-
ditions which induce the 032 regulon (see below), results in
fast and highly efficient down-regulation of Tra protein synthe-
sis. In E. coli, an analogous regulatory mechanism ensures the
function of the heat shock regulon itself: the paradigm for
regulation by triggered proteolysis in bacteria is the rapid de-
stabilization of the transiently stabilized ¢32 factor, which
leads to a rapid shutoff of the bacterial stress response. It has
been shown that FtsH (HfIB) protease-dependent degradation
of 032 (14, 47) is triggered by the DnaJK/GrpE chaperone
complex (43, 46). Current work performed by our group aims
to elucidate which GroEL-dependent protease(s) is involved in
the degradation of Tral.

As consequence of TraJ destabilization after heat shock no
components of the T4S machineries are synthesized, presum-
ably until the heat shock response is shut down and steady-
state levels of heat shock proteins decrease. We suggest that
the observed transient repression of DNA transfer after heat
shock serves to ensure that the damages resulting from heat
shock are adjusted without piling up additional stress caused
by the expression and the assembly of the T4S machinery. This
hypothesis is corroborated by the finding that at the restrictive
temperature the concomitant expression of the T4S system
components and TraJ-FLAG leads to death of groEL(Ts) cells,
whereas in wild-type cells or in groEL(Ts) cells expressing only
FLAG-tagged TraJ no such effects were observed (our unpub-
lished results). Furthermore, we recently found that the ex-
pression and assembly of the R1-encoded T4S machinery elicit
extracytoplasmic and cytoplasmic stress responses under phys-
iological conditions (54). The extracytoplasmic stress response
is triggered by the activation of the host-encoded CpxAR two-
component system and results in activation or repression of the
downstream targets of the CpxR response regulator. One of
the activated downstream targets of CpxR is the rpoH gene,
encoding the heat shock sigma factor ¢32. The cytoplasmic
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stress response is highly similar to the classical heat shock
response, resulting in transcriptional activation of the heat
shock regulon, including the groESL operon. These findings
suggested that stress proteins including the GroESL chaperone
complex exert regulatory and/or accessory functions in conju-
gative DNA transfer not only after stress-inducing conditions
but also under physiological conditions (54). The results pre-
sented here are in accordance with this model in which GroEL
is part of a regulatory feedback loop that serves to limit tra
gene expression and thus the stress that is created by expres-
sion and assembly of the T4S system.
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