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Conjugal transfer of Ti plasmids of Agrobacterium tumefaciens is controlled by a quorum-sensing system
composed of the transcriptional activator TraR and its acyl-homoserine lactone quormone N-(3-o0xo-octanoyl)-
L-homoserine lactone (3-oxo-C8-HSL). The population density dependence of quorum-sensing systems can
often be circumvented by addition of the quormone to cultures at low cell numbers. However, the quorum-
dependent activation of Ti plasmid conjugal transfer exhibited a lag of almost 8 h when the quormone was
added to donor cells at low population densities (Piper and Farrand, J. Bacteriol. 182:1080-1088, 2000). As
measured by activation of a TraR-dependent fraG::lacZ reporter fusion, TraR in cells exposed to the cognate
signal for 5 min showed detectable activity, while exposure for 15 min resulted in full activity. Thus, the lag in
activation is not due to some intrinsic property of TraR. Cells exposed to the agonistic analog N-(3-oxo-
hexanoyl)-L-homoserine lactone (3-0x0-C6-HSL) exhibited similar induction kinetics. However, activation of
the reporter in cells exposed to the poorly effective alkanoyl acyl-HSL N-hexanoyl-L-homoserine lactone
(C6-HSL) required the continued presence of the signal. As measured by an in vivo repressor assay, TraR
activated by 3-ox0-C6-HSL or by 3-0x0-C8-HSL remained active for as long as 8 h after removal of exogenous
signal. However, TraR activated by the alkanoyl quormone C6-HSL rapidly lost activity following removal of
the signal. In quormone retention assays, which measure signal binding by TraR, cells grown with either of the
two 3-oxo-acyl-HSL quormones retained the ligand after washing, while cells grown with C6-HSL lost the
alkanoyl-HSL concomitant with the rapid loss of TraR activity. We conclude that TraR rapidly binds its
quormone and that, once bound, the cognate signal and its close homologs are tightly retained. Moreover, in
the absence of other regulatory factors, activated TraR remains functional after removal of the signal. On the
other hand, poorly active signals are not tightly bound, and their removal by washing leads to rapid loss of

TraR activity.

The Ti plasmids of Agrobacterium tumefaciens are conjugal
elements, mediating their own transfer from donors to bacte-
rial recipients (7). Transfer is strongly regulated and is respon-
sive to two environmental cues, the presence of signal mole-
cules produced by crown gall tumors, plant neoplasias induced
by the pathogenic bacteria, and signal molecules produced by
the donor bacteria themselves (9, 29). The tumor-produced
signals, called opines, communicate to the Ti plasmids that the
environment in which the host bacterium is located is condu-
cive to horizontal dissemination (7). The bacterial signals,
called quormones, control transfer by quorum sensing, ensur-
ing that the transfer system is not activated until the donors
have reached a critical population size. The two regulatory
systems are linked in a hierarchical manner, with quorum sens-
ing being controlled by opine availability (10, 25, 29).

Expression of the three Ti plasmid transfer (tra) operons
requires the quorum-sensing transcriptional activator TraR (9,
28). TraR, in turn, requires its acyl-homoserine lactone (acyl-
HSL) quormone ligand N-(3-oxo-octanoyl)-L-homoserine lac-
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tone (3-oxo-C8-HSL) (38). TraR binds the acyl-HSL, forming
active homodimers that bind target promoters containing an
18-bp inverted repeat called the #ra box (11, 18, 19, 30, 40).
Once bound, TraR in its ligand-bound dimer form activates
transcription (40), presumably by interacting with one or more
components of RNA polymerase.

Acyl-HSL-mediated quorum-sensing systems rely on accu-
mulation of the quormone in the environment as an indicator
of the bacterial population size. The signal is produced intra-
cellularly (9, 15), transits out of the cell by diffusion (16) or by
active efflux systems (6, 26), and reenters the cell, also probably
by diffusion (16). In the absence of other mitigating elements,
three primary factors working in concert establish the sensitiv-
ity, and therefore the population size, that sets the quorum for
a given system. In the first, the rate of synthesis of the acyl-HSL
signal determines the rate at which the quormone accumulates
relative to the rate of increase of the bacterial population.
Second, the level of expression of the gene coding for the
quormone-responsive transcription factor determines the
amount of target available to the acyl-HSL. Third, the affinity
of the transcription factor for its cognate acyl-HSL coupled
with the intracellular concentrations of the signal and the ac-
tivator determine the point at which the quormone effectively
converts the transcription factor to its active form.

Results from in vivo analyses suggest that TraR is extraor-
dinarily sensitive to its cognate acyl-HSL; concentrations of
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exogenous signal as low as 1 to 2 nM are sufficient for TraR to
activate an appropriate reporter (15, 38). Moreover, specially
constructed reporter strains of A. tumefaciens can detect fem-
tomole amounts of N-(3-oxo-octanoyl)-L-homoserine lactone
(3-0x0-C8-HSL) (3, 32). Consistent with these observations,
purified TraR binds its quormone very tightly; the pure protein
retains 3-0xo-C8-HSL even after extensive dialysis (30, 40). In
addition to activating TraR, quormone binding plays a second
role; ligand-bound dimers of TraR are 20-fold more resistant
to proteolysis than their inactive monomers (40, 41).

This high affinity, coupled with the stabilization of active
TraR, raises two questions concerning the Ti plasmid quorum-
sensing system. First, when the quormone has accumulated to
its critical concentration, how long does it take for TraR to
bind the ligand and activate its target operons? Second, given
its high affinity for 3-oxo-C8-HSL and the attendant stability of
the dimer, how long does TraR remain active upon removal of
the acyl-HSL signal from the environment? This question gains
added interest with the recent report that at the end of expo-
nential growth, A. tumefaciens strains produce a potent acyl-
HSL lactonase (37). This intracellular enzyme rapidly deacti-
vates free quormone by hydrolyzing the lactone ring.

In this study, we examined the rate at which exogenous
3-0x0-C8-HSL activates TraR and subsequent expression of its
target genes in situ. We also examined the functional stability
of activated TraR and, using an in vivo assay, correlated sta-
bility with retention by the activator of its acyl-HSL ligand. Our
studies indicate that while the genes of the Ti plasmid conjugal
transfer system can be activated rapidly, quickly shutting down
the system following disappearance of the opine and acyl-HSL
signals is more difficult and most likely requires additional
factors.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. Agrobacterium tumefaciens
strain NTL4 is a Ti plasmid-cured derivative of the nopaline-agrocinopine type
strain C58 in which the tetAR locus was removed by deletion (20). Escherichia coli
DHS5a (31) was used in assays in which the activity of TraR was measured by
repression (19). The plasmid-mobilizing E. coli strain S17-1 was described by
Simon et al. (33). A. tumefaciens strains were grown at 28°C in L broth (LB),
MGJ/L (2), or ABM minimal medium (4). E. coli strains were grown at 28 or 37°C
in LB or minimal medium A (A medium) (24). All liquid cultures were grown
with agitation to ensure adequate aeration. Antibiotics were used at the follow-
ing concentrations: for E. coli, kanamycin, 50 pg/ml; tetracycline, 10 pg/ml;
ampicillin, 100 or 50 pg/ml for minimal medium; for A. tumefaciens, kanamycin,
50 pg/ml; carbenicillin, 50 pg/ml; and tetracycline, 2 pug/ml. When required,
expression of traR from the trc promoter of pZLQR, which also expresses lacI9,
was induced by addition of isopropyl-B-p-thiogalactopyranoside (IPTG) to a
final concentration of 100 pM.

Acyl-homoserine lactones. Chemically synthesized 3-oxo-C8-HSL, N-(3-oxo-
hexanoyl)-L-homoserine lactone (3-oxo-C6-HSL), and N-hexanoyl-L-homoserine
lactone (C6-HSL) were the generous gifts of David Lynn, Emory University, or
synthesized according to published procedures (5). All acyl-HSLs were stored as
concentrated stock solutions in high-pressure liquid chromatography-grade ethyl
acetate at —20°C.

Plasmids. Plasmid pPBL1, which contains a quormone-dependent, TraR-re-
pressible lacZ reporter fusion, and the #raR expression plasmid pZLQR, in which
traR is expressed from the trc promoter, have been described previously (19). The
acyl-HSL reporter plasmid pZLR4 contains the #raR gene from pTiC58 ex-
pressed from its own weak constitutive promoter located immediately upstream
of the gene (28, 29), and the TraR-activatable 141 traG::lacZ fusion (8) all cloned
in pBBRIMCSS5 (17) as described by Cha et al. (3).

Genetic manipulations. Plasmid DNA was introduced into E. coli by CaCl,-
mediated transformation (31) and into A. tumefaciens strains by electroporation
(2) or by biparental matings with E. coli S17-1 conducted at 28°C (8).
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Gene expression assays. Production of B-galactosidase from lacZ reporter
fusions was measured semiquantitatively on solid medium containing X-Gal
(5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside, 40 pg/ml). B-Galactosidase
activity, expressed as units per 10° viable cells, was quantified as previously
described (19). All assays were repeated at least twice, and values shown repre-
sent means or the results from representative experiments.

Culture manipulations. Cells grown in medium containing an acyl-HSL were
freed of removable quormone as follows. For repression assays, a culture of E.
coli DH5a harboring the appropriate plasmids in 15 ml of A medium was
subjected to centrifugation at 3,000 rpm for 5 min at 4°C in the SS34 rotor of a
Sorvall RCS5 refrigerated centrifuge. The supernatant was carefully removed, the
cells were resuspended in 45 ml of fresh sterile A medium, and the process was
repeated five times. Preliminary experiments showed that no acyl-HSL was
detectable in the supernatants following the third wash. Following the fifth wash,
the cells were resuspended in 15 ml of fresh sterile A medium containing the
appropriate antibiotics and recultured as described in Results.

To remove the quormone from cells in which TraR was functioning as an
activator, cultures of A. tumefaciens NTL4 harboring the appropriate plasmids in
4 ml of ABM medium were washed six times by centrifugation with 2-ml volumes
of ABM medium as described above. Preliminary experiments indicated that no
acyl-HSL was detectable in supernatants following the fourth wash. Following
the final wash, the cells were resuspended in 4 ml of fresh ABM medium
containing the appropriate antibiotics and recultured as described in Results.

Preparation of cell lysates and extraction of intracellular quormone. Follow-
ing growth in 15-ml cultures, cells were harvested by centrifugation and washed
up to six times, depending upon the experiment, with 5-ml volumes of AB
medium lacking a carbon source. Cells collected after the final wash were either
lysed directly, as described below, or washed once by centrifugation with a 3-ml
volume of modified Agrowash (20 mM Tris-HCI [pH 8.0], 0.5 M NaCl, 1%
sodium Sarkosyl) and twice with the same buffer lacking Sarkosyl prior to lysis.
For lysis, cells were collected by centrifugation, the pellets were resuspended in
200 pl of a buffer containing 0.2 M Tris-HCI (pH 8.0), 0.4 M disodium EDTA,
and 0.7 M sucrose, and incubated on ice for 30 min to sensitize the cells to
lysozyme. A volume of 800 pl of distilled water was added, and the cells were
recovered by centrifugation for 5 min at 4°C and resuspended in 1.5 ml of TraR
extraction buffer containing 30 mM Tris-HCI (pH 8.0), 0.2 mM disodium EDTA,
10% glycerol, 0.2 mM dithiothreitol, 1% Tween 20, and 2 mg of lysozyme per ml.
Following incubation on ice for 20 min, the cells were disrupted by sonication,
and unbroken cells, cell debris, and protein inclusion bodies were removed by
centrifugation at 50,000 X g for 15 min at 4°C. The cleared lysates were extracted
twice with 200-pl volumes of ethyl acetate, and the organic phases were pooled
and taken to dryness under vacuum. Residues were dissolved in 50 pl of ethyl
acetate and stored at —20°C.

Detecting acyl-HSLs. Acyl-HSLs extracted from culture supernatants, from
cell washes, and from cleared cell lysates were separated by thin-layer chroma-
tography on analytical C,g reversed-phase thin-layer chromatography plates de-
veloped with a solvent of 60% (vol/vol) methanol-40% (vol/vol) water (32). The
quormones were detected by using as bioreporters 4. tumefaciens NTL4(pZLR4)
(3) for 3-oxo-acyl-HSLs and Chromobacterium violaceum CV026blu (23) for
alkanoyl acyl-HSLs as described elsewhere (3, 32). Following development, the
plates were dried, and the images were archived by digital scanning (32).

RESULTS

Kinetics of TraR activation in situ. Although TraR requires
its acyl-HSL quormone for activity, there is no information
concerning how long cells expressing this activator must be
exposed to functional levels of signal to activate the transcrip-
tion factor. To assess these temporal parameters, we con-
structed a derivative of A. tumefaciens strain NTL4 harboring
pZLR4 (3), a plasmid that expresses fraR from its native,
low-activity promoter and also carries a TraR-dependent
traG::lacZ reporter fusion (28, 29). This strain lacks a Ti plas-
mid and does not produce its own quormone or the TraR-
specific antiactivator TraM (12, 13). However, TraR can acti-
vate the reporter if an active acyl-HSL is added exogenously to
the culture (3).

An exponential-phase culture of NTL4(pZLR4) in ABM
medium was grown to an optical density at 600 nm (ODy,) of
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FIG. 1. Structures of the acyl-homoserine lactone autoinducers
used in this study. (A) N-(3-Oxo-octanoyl)-L-homoserine lactone (3-
0x0-C8-HSL); (B) N-(3-oxo-hexanoyl)-L-homoserine lactone (3-oxo-
C6-HSL); (C) N-hexanoyl-L-homoserine lactone (C6-HSL).

0.15 (approximately 10’ CFU/ml), 3-oxo-C8-HSL, the cognate
quormone (Fig. 1), was added to a final concentration of 25
nM, a level about 10-fold higher than that required for maxi-
mal activation of the reporter (15, 38), and incubation was
continued. At 25 s, 5 min, and 25 min, 4-ml volumes of the
culture were removed, and the cells were washed six times as
described in Materials and Methods, and resuspended in 3 ml
of fresh ABM medium. Each culture was immediately split into
three equal subcultures. Cells from one subculture were as-
sayed immediately for expression of the reporter. Fresh signal
in a 2-pl volume was added to one of the remaining cultures,
and the paired subcultures were incubated at 28°C with shak-
ing. After 4 h of growth, corresponding to about two doublings,
samples of each culture were assayed for expression of the
reporter gene. As controls, two subcultures, one continuously
exposed and the other never exposed to 3-oxo-C8-HSL, were
incubated without washing for the duration of the experiment.

The culture to which no quormone was added did not de-
tectably express the reporter, while the cells continuously ex-
posed to the signal expressed the fusion at a high level (Fig.
2A). Washed cultures from each time point that were resus-
pended in medium containing the acyl-HSL for the remainder
of the experiment also expressed the reporter at high levels
(Fig. 2A). Cells that had been incubated with the quormone for
25 s prior to washing and resuspension in medium lacking
signal showed a low but detectable level of activation (Fig. 2A).
Incubation with signal for 15 or 30 min prior to washing re-
sulted in maximum induction of the traG::lacZ reporter, while
incubation with the quormone for 5 min prior to washing
yielded activation to about 50% of the level of the fully induced
control culture (Fig. 2A). The cultures that were assayed for
expression directly after resuspension either failed to activate
the reporter or, as exemplified by the cultures exposed to signal
for 15 or 30 min, activated the reporter at very low levels.
These results indicate that the level of expression that we
observed in the cultures following the 4-h incubation period in
medium lacking signal was not due to induction of the reporter
that occurred during the period of growth with the signal prior
to washing and resuspending the cells. We conclude that ex-
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posure of the cells to 3-oxo-C8-HSL for between 5 and 15 min
is sufficient to activate amounts of TraR sufficient to fully
express the reporter.

TraR responds to other acyl-HSLs but requires considerably
higher concentrations of these analogs to activate transcription
(3, 32, 38, 42). We examined, using the same experimental
protocols, the kinetics of TraR activation in cells exposed to
two noncognate acyl-HSLs. One, 3-oxo-C6-HSL, differs from
the cognate only by the length of the acyl side chain (Fig. 1)
and is a relatively good coactivator (38). The second, C6-HSL,
differs from 3-oxo-C8-HSL in the length of and chemistry at
the acyl C-3 position of the side chain (Fig. 1) and is a very
poor signal (3, 32, 38, 42).

Cultures grown with 100 nM 3-o0xo-C6-HSL, a concentration
sufficient to maximally induce the reporter, exhibited response
kinetics similar to those observed with 3-oxo-C8-HSL, the cog-
nate quormone (Fig. 2B). Cells that had been exposed for 5
min prior to washing and resuspension in medium lacking the
3-0x0-C6 signal exhibited a significant level of activation, while
the reporter was fully induced in cells grown with the signal for
15 and 45 min (Fig. 2B).

Cultures grown with C6-HSL exhibited a significantly differ-
ent response. The alkanoyl quormone at a concentration of 2.5
M fully induced the reporter in cells exposed to this analogue
continuously or over the 4 h of postwash incubation (Fig. 2C).
However, cells exposed to the alkanoyl-HSL for 5 or 15 min
failed to activate the reporter, and cells exposed for 45 min
showed only very low levels of induction (Fig. 2C). Cells as-
sayed at the time of the wash showed similar low levels of
activity (Fig. 2C), suggesting that the low level of expression
observed in the 45-min cultures is due to activation of the lacZ
reporter that occurred during the prewash phase of the exper-
iment.

We conclude from these results that cells expressing TraR
require only a short exposure, as little as 5 to 10 min, to the
cognate quormone and closely related acyl-HSLs such as
3-0x0-C6-HSL. Moreover, following such short exposures, ac-
tivated TraR remains functional even after the extracellular
quormone is removed. However, with less active signals such as
C6-HSL, the acyl-HSL must be present continuously for TraR
to remain active.

In situ quormone binding by TraR. The contrast in persis-
tence of reporter expression by TraR in cells exposed to the
3-oxo-acyl-HSLs compared to cells exposed to C6-HSL sug-
gests that the functional activator is much more stable in cells
grown with the 3-oxo-forms. To test this hypothesis, we devel-
oped an in vivo assay for quormone binding based on the
cellular retention of these signal molecules. The assay, de-
scribed in Materials and Methods, is similar to that used in
several studies assessing the intracellular interaction between
the quormone and LuxR (1, 16) and LasR (26) and is predi-
cated on the observation that purified dimer TraR contains 1
mol of tightly bound quormone per mol of protomer (40). In
our assay, we detected the TraR-bound quormone by using a
bioreporter following separation by thin-layer chromatography
(30, 32). While not as sensitive as the radiometric assays (16),
the bioreporter will detect active acyl-HSLs in pico- to femto-
mole amounts (32).

To validate the assay, we assessed the ability of cells express-
ing and lacking TraR to retain the cognate quormone after
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FIG. 2. Insitu activation of TraR by acyl-HSLs. 3-Oxo-C8-HSL (25
nM final concentration) (A), 3-oxo-C6-HSL (100 nM final concentra-
tion) (B), or C6-HSL (2.5 uM final concentration) (C) was added to
exponential-phase cultures [ODgoy = 0.15 (ca 107 CFU/ml)] of A.
tumefaciens strain NTL4(pZLR4) growing in ABM minimal medium
containing IPTG to induce expression of #raR. The cultures were in-
cubated, 4-ml samples were withdrawn at the indicated times, and the
cells were harvested and washed extensively as described in Materials
and Methods. The washed cells were resuspended in 4 ml of ABM
lacking IPTG, and each culture was split into three subcultures. One
subculture was assayed for B-galactosidase activity, expressed as units
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extensive washing. Cultures of NTL4 harboring pZLQ, which
lacks traR, or pZLQR, which expresses traR, were grown to late
exponential phase in ABM containing IPTG and 50 nM 3-oxo-
C8-HSL. The cells were harvested and washed six times, and
cell-free lysates were prepared as described in Materials and
Methods. Ethyl acetate extracts of these lysates were chro-
matographed on C,g reversed-phase thin-layer chromatogra-
phy plates, and the acyl-HSL was detected by overlaying the
plates with a culture of the bioreporter strain NTL4(pZLR4).
Extracts from NTL4(pZLQ) did not contain detectable levels
of quormone (Fig. 3, lane 7) while extracts prepared from
NTL4(pZLQR) contained an easily detectable amount of the
acyl-HSL (Fig. 3, lane 4). Moreover, the active species chro-
matographed with a mobility and spot shape indistinguishable
from those of authentic 3-oxo-C8-HSL (Fig. 3, compare lanes
1 and 4). Thus, cells expressing TraR strongly retain the acyl-
HSL, apparently in unchanged form, while the quormone can
be washed out completely from cells lacking TraR.

Similar cultures of the two strains were grown in ABM
containing IPTG and 150 nM 3-oxo-C6-HSL or 2.5 uM C6-
HSL. The 3-0x0-C6 quormone was retained by cells expressing
TraR (Fig. 3, lane 6) but not by cells lacking TraR (Fig. 3, lane
8). However, the alkanoyl HSL was not retained at a detectable
level by either culture (Fig. 3, lanes 5 and 9). The alkanoyl-
HSLs are only weakly detected by the A. tumefaciens biore-
porter (3, 32). We reexamined the extracts from cells grown
with C6-HSL with the Chromobacterium violaceum biore-
porter, which is particularly sensitive to these unsubstituted
acyl-HSLs (3, 23). While the reporter easily detected our sam-
ple of pure C6-HSL, after exhaustive washing, no signal was
seen in extracts of either A. tumefaciens strain grown with the
alkanoyl quormone (data not shown). We conclude from these
studies that 3-oxo-C8- and 3-0xo-C6-HSL are bound tightly by
TraR. However, while C6-HSL is bound by and can activate
TraR, it is not tightly retained by the protein.

We assessed the long-term stability of active TraR-ligand
complexes by assaying for the retention of the acyl-HSLs in
NTLA(pZLQR) that had been grown with IPTG and quor-
mone, washed, and then reincubated without signal or IPTG
for up to 22 h following the wash. In cells preincubated with
3-0x0-C8-HSL, the quormone was detected in cells sampled at
each time point following resuspension (Fig. 4A). However, in
cells grown with C6-HSL, the quormone was not detectably
retained by cells in any sample after the washing regimen (Fig.
4B). The alkanoyl quormone was retained at detectable levels

per 10° CFU, immediately after washing and resuspension (open bars).
3-Ox0-C8-HSL or 3-0x0-C6-HSL was added to the second subculture
(solid bars), and an equal volume of sterile distilled water was added
to the third subculture (hatched bars). The subcultures were reincu-
bated in parallel with vigorous shaking for 4 h, at which time the cells
from each culture were collected by centrifugation and assayed for
B-galactosidase activity. Parallel cultures, not subjected to washing,
were incubated continuously with the quormone (panels A, B, and C,
controls, solid bars) or without the quormone (panels A, B, and C,
controls, hatched bars) for the full duration of the experiment. Sam-
ples from each of these cultures were assayed for B-galactosidase
activity. The experiments shown in panels A and B were repeated
twice, and the experiment shown in panel C was repeated three times.
In each case, data from a representative repetition are presented.
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FIG. 3. 3-Oxo-acyl-HSLs but not C6-HSL are retained by A. tume-
faciens cells expressing TraR. Cultures of A. tumefaciens NTL4
(pZLQ), which does not express traR, and NTL4(pZLQR), which does
express the activator from the frc promoter, were grown in ABM
minimal medium to a density of about 107 CFU/ml. The two cultures
were each split into three subcultures, and 3-oxo-C8-HSL (50 nM) was
added to one, 3-0x0-C6-HSL (150 nM) was added to a second, and
C6-HSL (2.5 pM) was added to the third. At the same time IPTG was
added to all cultures of NTL4(pZLQR) to induce expression of traR.
The six cultures were grown to late exponential phase (ODg, of about
1.2), at which time the cells were harvested, washed, and broken, and
the cell extracts were assayed for intracellular quormone by thin-layer
chromatography with A. tumefaciens NTLA(pZLR4) as the bioindica-
tor, all as described in Materials and Methods. The thin-layer chro-
matography plates were spotted with the following samples: 1, pure
3-0x0-C8-HSL standard; 2, pure 3-oxo-C6-HSL standard; 3, pure C6-
HSL standard; extracts of NTL4(pZLQR) grown with: 4, 3-oxo-C8-
HSL; 5, C6-HSL; 6, 3-ox0-C6-HSL; and extracts of NTL4(pZLQ)
grown with: 7, 3-oxo-C8-HSL; 8, 3-oxo-C6-HSL; and 9, C6-HSL.

by cells washed once with AB minimal medium (Fig. 4B, lane
3), and retention was dependent upon the presence of TraR
(Fig. 4B, compare lanes 2 and 3). However, a second wash with
AB minimal medium reduced the retained alkanoyl quormone
to below detectable levels (Fig. 4B, lane 4).

Activated TraR remains functional when the quormone is
removed. The preceding experiments suggested that TraR rap-
idly binds the quormone in situ and that, once bound, the
cognate acyl-HSL is strongly retained. The tight ligand binding
and the relative stability of the protein (30, 40, 41) in turn
suggest that, once activated, TraR will retain activity even
when the free acyl-HSL signal drops below its critical concen-
tration. To examine this hypothesis and to assess the functional
stability of TraR, we designed an experimental system in which
we could remove the quormone from the medium and monitor
the decay of functional TraR. To maximize the sensitivity of
this assay, we chose to use a reporter in which active TraR
functions as a repressor (19). Thus, a decrease in the level of
active ligand-bound TraR could be monitored by an increase in
reporter gene activity.

Cultures of E. coli DH5a(pPBL1) harboring pZLQR, in
which traR is expressed from the trc promoter of the vector, or
pZLQ, the vector without #raR, were grown in A medium.
pPBL1 contains lacZ expressed from a promoter that is
strongly repressed by TraR in a quormone-dependent manner
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FIG. 4. Quormone retention by cells expressing #raR after removal
of exogenous acyl-HSL. Cultures of NTL4(pZLQ) and NTL4
(pZLQR) were grown to late exponential phase in ABM medium
containing IPTG to induce fraR and 3-0x0-C8-HSL (panel A) or C6-
HSL (panel B). Cells of NTL4(pZLQ) were harvested, washed once
with ABM, and lysed, and the cell extracts were assayed for acyl-HSLs
(panels A and B, lanes 2) by thin-layer chromatography as described in
Materials and Methods. Cells of NTL4(pZLQR) were harvested, and
a sample of each culture was assayed for retention of the acyl-HSL
after one (panels A and B, lanes 3), two (panels A and B, lanes 4), and
four (panels A and B, lanes 5) washes with AB minimal medium. A
portion of the six-times-washed cultures of NTL4(pZLQR) originally
grown with 3-oxo-C8-HSL and with C6-HSL were diluted into fresh
ABM medium lacking quormone and IPTG, and incubation was con-
tinued. One-milliliter samples were removed at time zero (lanes 6) and
after 4 h (lanes 7), 12 h (lanes 8), and 22 h (lanes 9) of further
incubation. Cells in samples taken at each time point were washed and
lysed, and ethyl acetate extracts of the lysates were assayed for the
acyl-HSLs by thin-layer chromatography with the A. tumefaciens (pan-
el A) or C. violaceum (panel B) reporter strain as described in Mate-
rials and Methods. Lane 1 contains samples of pure 3-oxo-C8-HSL
(panel A) or C6-HSL (panel B) as standards.

(19). When the exponential-phase cultures had reached a den-
sity of about 107 CFU/ml, traR was induced by addition of
IPTG, and incubation was continued for an hour. At this time,
3-0x0-C8-HSL (25 nM) was added to the culture of DH5«
(pPBL1, pZLQ). The culture of DH5a(pPBL1, pZLQR) was
divided into three subcultures, and 3-oxo-C8-HSL was added
to one and 3-oxo-C6-HSL was added to the second. The third
culture received no quormone. The four cultures, including
DH5a(pPBL1, pZLQ), were incubated for 4 h, at which time
the three cultures of DH5a(pPBL1, pZLQR) were harvested,
and the cells of each were washed six times as described in
Materials and Methods and resuspended in the original vol-
ume of culture medium lacking IPTG. Each of these cultures
was split into two subcultures, to one of which was added the
quormone to which the cells had first been exposed. Incubation
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FIG. 5. TraR retains in situ activity after removal of the 3-oxo-acyl-
HSL quormones. Cultures of E. coli DH5a(pPBL1, pZLQ), which
lacks fraR, and of E. coli DH5a(pPBL1, pZLQR), which expresses
traR, were grown in A medium to a density of about 10’ CFU/ml as
determined by Klett colorimetry (4, red filter). At time zero, IPTG
(100 pM) was added to induce expression of #raR in DH5a(pPBLI,
PZLQR), and the two cultures were split into two and three subcul-
tures, respectively. After 1 h of incubation, 3-oxo-C8-HSL (25 nM) (OJ)
or 3-oxo-C6-HSL (100 nM) [V, DH5a(pPBL1, pZLQ); O, DH5«a
(pPBL1, pZLQR)] was added. One subculture of DHS5a(pPBLI,
PZLQR) received no quormone (A). After 4 h of reincubation (ar-
row), cultures of DHS5a(pPBL1, pZLQR) that were grown with a
quormone were harvested and washed extensively as described in Ma-
terials and Methods, and each culture was further split into two sub-
cultures, both of which lacked IPTG. 3-Oxo-C8-HSL (25 nM, ) or
3-0x0-C6-HSL (100 nM, O) was added to one such washed subculture,
and an equal volume of sterile water was added to the second (m, @).
The cultures were reincubated, and samples were taken from each
culture at the indicated times and assayed for B-galactosidase activity.
The experiment was repeated twice; the results from one experiment
are shown.

was continued, and samples from each culture were taken at
timed intervals and assayed for B-galactosidase activity.

The culture containing the reporter but no copy of #raR as
well as the culture containing traR but never exposed to an
acyl-HSL both strongly expressed the reporter (Fig. 5). On the
other hand, the reporter remained repressed in cultures ex-
posed to either quormone throughout the course of the exper-
iment. In cultures in which the exogenous quormone was re-
moved, the reporter remained repressed throughout the 8 h of
postwash incubation (Fig. 5).

The results described above suggest that TraR bound with
3-0x0-C8- or 3-0x0-C6-HSL can remain active for extended
periods after removal of exogenous signal. As indicated by our
retention assays, while the activator binds the two 3-oxo-sub-
stituted quormones very tightly, it does not retain the alkanoyl
quormone C6-HSL (Fig. 3 and 4B). We repeated the in situ
stability experiment, this time comparing cells grown with
3-0x0-C8-HSL with cells grown with C6-HSL. As in the previ-
ous experiment, cells not expressing fraR and cells expressing
traR but not exposed to either acyl-HSL strongly expressed the
reporter (Fig. 6). Cells exposed throughout the experiment to
25 nM C6-HSL, an ineffective concentration, continued to
express the reporter, while cells exposed to the alkanoyl HSL
at 2.5 pM or to 3-oxo-C8-HSL at 25 nM strongly repressed
expression of the reporter fusion (Fig. 6). The reporter re-
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FIG. 6. TraR rapidly loses in situ activity after removal of C6-HSL.
A culture of E. coli DH5a(pPBL1, pZLQR), which expresses traR, was
incubated in A medium, and growth was followed turbidometrically
(V, ODgy) as described in the legend to Fig. 5. At time zero, IPTG
(100 wM) was added to induce expression of fraR, the culture was split
into four subcultures, and each was incubated for 1 h. 3-Oxo-C8-HSL
(25 nM) (@) was added to one subculture, and C6-HSL at two con-
centrations (O, 25 nM; A, 2.5 pM) was added to two subcultures. The
fourth subculture (+) received no quormone. After 4 h of reincubation
(arrow), cultures that received 3-oxo-C8-HSL or the high concentra-
tion of C6-HSL were harvested and washed extensively as described in
Materials and Methods, and the resuspended cells from each culture
were split into two subcultures. 3-Oxo-C8-HSL (¢, 25 nM) or C6-HSL
(A, 2.5 pM) was added to one of each of the subcultures, an equal
volume of sterile water was added to the second (<, A), and growth
was continued. Samples were taken from each culture at the indicated
times and assayed for (-galactosidase activity. The experiment was
repeated twice; results from one experiment are shown.

mained repressed in cells in which the exogenous 3-oxo-C8-
HSL had been removed by washing. However, in cells in which
the exogenous C6-HSL was removed, expression of the re-
porter was detectable 2 h after washing and became strongly
derepressed during the remainder of the incubation period

(Fig. 6).

DISCUSSION

We reported previously that, when grown with the conjugal
opines, strains harboring a wild-type Ti plasmid exhibited a
delay of 8 h in #ra gene activation by TraR even when the
acyl-HSL was added at saturating levels to low-density cultures
(27). This delay contrasts sharply with the induction of lucif-
erase activity in Vibrio fischeri within 30 min after addition of
the cognate quormone to low-density cultures (5, 35). We
considered two mechanisms that could account for this lag. In
the first, some property of TraR itself could prevent rapid
activation at saturating quormone levels. Alternatively, some
additional element could delay TraR-mediated gene activation
even when quormone levels are high.

Our current studies rule out the first possibility. Under con-
ditions in which expression of #raR is induced, exposing the
cells to the cognate acyl-HSL for as little as 5 min results in a
significant level of activation, while a 15-min exposure is
enough to activate sufficient amounts of the transcription fac-
tor to maximize expression of a TraR-dependent reporter (Fig.
2A). Given that the assay for activation of TraR requires tran-



VoL. 185, 2003

scriptional activation of a TraR-dependent reporter, which
itself takes as long as 30 min (Fig. 1), it is likely that exposure
of the cells to the quormone for well under 10 min is sufficient
to convert the activator into its functional form. We conclude
that the delay in induction observed with the wild-type Ti
plasmid is due to some additional control mechanism.

The activity of TraR is antagonized by TraM, a small anti-
activator protein (12, 13). TraM binds dimeric TraR and pre-
vents the activator from binding its promoter target sites (14,
21, 34). Our test systems reported here lack TraM. However, in
the intact tra regulatory system, TraM prevents activation of
the tra regulon resulting from basal expression of fraR that
occurs in the absence of the conjugal opine (27). In this regard,
we propose that the long lag in TraR activation that we ob-
served in quormone-supplemented opine-induced cultures re-
flects the requirement to produce enough TraR protein to
titrate the available TraM. Consistent with this hypothesis,
overexpression of TraR overcomes antiactivation by TraM (12,
13).

Although required at a higher concentration, 3-oxo-C6-HSL
activated TraR in situ with kinetics similar to those of the
native acyl-HSL (Fig. 2B). This result is consistent with the
observation that 3-oxo-C6-HSL, the acyl side chain of which is
shorter than that of the cognate signal by two carbons (Fig. 1),
is a reasonably effective coactivator of TraR (3, 32, 38, 42). In
contrast, under the conditions of the induction assay, the al-
kanoyl quormone C6-HSL failed to activate the reporter to
significant levels in cells that were subsequently washed free of
the exogenously supplied signal (Fig. 2C). C6-HSL is a partic-
ularly ineffective coactivator (3, 32, 42) and a very poor antag-
onist (42), suggesting that it is not efficiently bound by TraR.
However, the TraR-dependent reporter in the control culture
that had been continuously incubated with very high concen-
trations of C6-HSL was activated to normal levels (Fig. 2C).

The contrast in activation levels in the washed cells versus
the continuously exposed cells suggested that the intracellular
alkanoyl-HSL was removed during the washing regimen. This
proved to be the case; after the washing regimen, cells grown
with C6-HSL failed to retain detectable levels of intracellular
quormone (Fig. 3 and 4B). In contrast, cells grown with either
of the 3-oxo forms retained the acyl-HSLs (Fig. 3 and 4A).
Strong retention of the 3-0x0-C8 quormone is consistent with
the observation that purified TraR in its active dimer form
binds its cognate acyl-HSL tightly (30, 40). Since C6-HSL is not
strongly retained, we speculate that while the alkanoyl quor-
mone can bind to and activate TraR, the affinity of this signal
for the activator is very low.

From these observations, we suggest that, like the radiomet-
ric retention assay (16), our bioindicator-based retention assay
can provide a reasonable measure of the relative affinity of a
given acyl-HSL for TraR. Strains lacking TraR fail to retain
detectable amounts of 3-oxo-C8-HSL, while strains expressing
wild-type TraR retain the quormone strongly (Fig. 3 and 4A).
Moreover, cells expressing mutants of TraR with substitutions
at amino acids predicted by crystal structure to play a role in
quormone binding (36, 39) fail to retain the acyl-HSL (22).

The strong affinity of 3-oxo-C8 HSL for TraR (30, 40), cou-
pled with its increased half-life (41), suggested that, once
formed, ligand-bound dimers, in the absence of other factors,
should persist in active form for some time after removal of the
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exogenous signal. This proved to be the case; as measured by
an in vivo repression-based reporter assay (19), TraR activated
by 3-oxo-C8-HSL retained DNA-binding activity for at least
8 h after removal of the exogenous acyl-HSL (Fig. 5). TraR
activated with 3-oxo-C6-HSL also retained DNA-binding ac-
tivity for the duration of the experiment. However, TraR from
cells grown with effective concentrations of C6-HSL quickly
lost DNA-binding activity after removal of the signal (Fig. 6).
Taken together, these results are consistent with those of the
kinetic analyses and support our suggestion that the two 3-oxo-
acyl-HSLs, but not the alkanoyl-HSL, are bound very tightly by
TraR.

Quormone binding and subsequent dimerization increase
the half-life of TraR some 20-fold (40, 41). TraR is moderately
overexpressed in our repression assays, accounting for the re-
tention of TraR activity despite dilution of the activator on a
per-cell basis associated with growth of the culture. However,
the results suggest that even when expressed at biologically
relevant levels from opine-induced Ti plasmids, TraR could
persist in its active ligand-bound dimeric form for some period
after dissipation of the opine signal and concomitant cessation
of traR transcription.

The slow turnover of active TraR introduces the problem of
how the Ti plasmid conjugal transfer system is efficiently shut
down when the opine signal is no longer available. At the end
of exponential growth, some A. tumefaciens strains produce an
enzyme that hydrolyzes the homoserine lactone ring of acyl-
HSLs (37). However, while the activity of this lactonase pre-
vents the accumulation of newly made signal, it is unlikely to
affect existent TraR dimers. Recent structural studies predict
that the acyl-HSL ligand is completely enclosed within the
interior of each protomer and is not accessible to solvent, much
less to an enzyme (36, 39). We suggest that TraM participates
in downregulating expression of the tra regulon when the
opines become limiting. In this model, loss of the opine signal
leads to repression of TraR production. Preformed TraR is
then inactivated by TraM, thereby shutting down transcrip-
tional activation of the tra regulon. This model is consistent
with the observation that TraR activates expression of TraM
(12, 13). Positive control of TraM ensures that the antiactivator
will be expressed at levels sufficient to inactivate TraR after
repression of expression of the activator gene.

In support of this model, induced expression of TraM results
in the rapid inactivation of existing active TraR, as measured
by both repression and activation assays (21). Our results sug-
gest that elaborate and efficient regulatory measures exist for
downregulating the Ti plasmid conjugation system as well as
for activating the system in response to changing environmen-
tal conditions.
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