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Abstract
Genes required for replication and for conjugal transfer of the Agrobacterium tumefaciens Ti
plasmid are regulated by the quorum sensing transcription factor TraR, whose N-terminal domain
binds to the pheromone N-3-oxooctanoyl-L-homoserine lactone (OOHL) and whose C-terminal
domain binds to specific DNA sequences called tra boxes. Here, we constructed 117 mutants,
altering 103 surface-exposed amino acid residues of the TraR N-terminal domain. Each mutant
was tested for activation of the traI promoter, where TraR binds to a site centered 45 nucleotides
upstream of the transcription start site, and of the traM promoter, where TraR binds a site centered
66 nucleotides upstream. Alteration of 18 residues blocked activity at the traI promoter. Of these,
alteration at three positions impaired TraR abundance or DNA binding, leaving 15 residues that
are specifically needed for positive control. Of these 15 residues, nine also blocked or reduced
activity at the traM promoter, while six had no effect. Amino acid residues required for activation
of both promoters probably contact the carboxy terminal domain of the RNA polymerase ∀
subunit, while residues required only for traI promoter activation may contact another RNA
polymerase component.

Introduction
Many species of bacteria use diffusible pheromones to coordinate a wide range of
physiology, including pathogenesis, sporulation, the formation of biofilms, and horizontal
transfer of DNA (Whitehead et al., 2001; Winans and Bassler, 2002). One such regulatory
system is composed of the LuxI and LuxR proteins of Vibrio fischeri, where LuxI
synthesizes 3-oxo-hexanoylhomoserine lactone (OHHL) (Eberhard et al., 1981), while
LuxR is an OHHL receptor and OHHL-dependent transcription factor of the organism’s
bioluminescence operon. In the past 15 years, a wide variety of related systems have been
discovered, and a small number of them have been intensively studied. In most cases, a LuxI
homolog is functionally paired with a LuxR homolog, in that the former synthesizes an
acylhomoserine lactone (AHL) while the latter is a transcription factor that binds the cognate
AHL. In most cases, DNA binding activity requires the AHL (Pappas et al., 2004), while in
a few cases, the AHL has the opposite effect, blocking DNA binding (Castang et al., 2006;
Cui et al., 2006; Fineran et al., 2005; Sjoblom et al., 2006). Biochemical, genetic, and
structural studies of a number of LuxR homologues have revealed that they are two-domain
proteins, whose N-terminal domain (NTD) binds AHLs and whose C-terminal domain
(CTD) binds DNA (Pappas et al., 2004). Both domains contribute to protein dimerization
(Luo et al., 2003; Vannini et al., 2002; Zhang et al., 2002).
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The Ti plasmid of the plant pathogen Agrobacterium tumefaciens encodes such a regulatory
system, consisting of the AHL synthase TraI and the transcription factor TraR. TraI
synthesizes primarily 3-oxo-octanoylhomoserine lactone (OOHL) while TraR is an OOHL-
dependent activator of three closely spaced promoters of the repABC operon, which directs
plasmid replication and partitioning, and of three promoters of the tra and trb operons,
which are required for conjugative transfer of the Ti plasmid (Fuqua and Winans, 1994; Li
and Farrand, 2000; More et al., 1996; Pappas and Winans, 2003; Piper et al., 1993; Zhang et
al., 1993). TraR-OOHL complexes bind to 18-nucleotide dyad-symmetrical sequences
called tra boxes to activate transcription of target promoters (Winans et al., 1999).

Genetic, biochemical and structural studies of TraR and its interactions with OOHL and
DNA have made this protein an intensively studied representative of the LuxR family. TraR
monomers bind to OOHL in a 1: 1 mole ratio and form homodimers that bind to tra boxes
with high affinity and specificity (Luo and Farrand, 1999; Zhu and Winans, 1999). The N-
terminal pheromone-binding domain of TraR is sufficient for OOHL binding and
dimerization, as TraR fragments containing just this domain are able to form inactive
heterodimers with full-length protein (Chai et al., 2001; Luo et al., 2003; Qin et al., 2000;
Zhu and Winans, 1998). Binding of OOHL to TraR is virtually irreversible, as this
pheromone is buried deeply within the protein and makes no contact with bulk solvent.
Activity of TraR, LuxR, and a few other members of this family have been reconstituted in
vitro, and require only promoter DNA, the activator complexed with its AHL, and RNA
polymerase (RNAP) (Urbanowski et al., 2004; Zhu and Winans, 1999).

The quaternary structure of TraR, OOHL, and tra box DNA has been solved by X-ray
crystallography (Vannini et al., 2002; Zhang et al., 2002). This structure confirmed the
domain structure of this dimeric protein. Protein dimerization is achieved largely by a rather
long alpha helix on each of the two the N terminal domains, which together create a coiled
coil, and by two shorter helices in the C terminal domains (CTD), which create a second
coiled coil. The CTD is a four-helix bundle with a helix-turn-helix DNA binding motif
(HTH) common to many prokaryotic regulators (Nelson, 1995). This four-helix domain
structure is common to all members of the LuxR-NarL-FixJ superfamily of prokaryotic
transcriptional regulators (Fuqua and Greenberg, 2002). Several amino acid residues found
on the recognition helix make specific contact with tra box DNA sequences (Vannini et al.,
2002; White and Winans, 2007; Zhang et al., 2002).

There are seven known TraR-dependent promoters on the octopine-type Ti plasmid, all of
which contain tra boxes. At five of these promoters (PtraA, PtraC, PtraI, PrepA1, and
PrepA3) the TraR-binding site is centered approximately 45 nucleotides upstream of the
transcription start site, adjacent to the -35 elements of these promoters. At the remaining two
promoters (PrepA2 and PtraM), the tra box is located approximately 66 nucleotides
upstream.

The first class of promoters are reminiscent of class II-type promoters first described for
CAP (Busby and Ebright, 1999) while the second class of promoters resemble class I-type
promoters. Activators of class II-type promoters can interact with several different subunits
of RNAP, while activators of class I-type promoters are generally thought to interact with
the C-terminal domain of the alpha subunit of RNAP (∀-CTD), which is connected to ∀-
NTD by a flexible linker (Busby and Ebright, 1999). A number of other activators have been
shown to contact either the Φ or ∀ subunits via their DNA binding domains (Busby and
Ebright, 1999; Bushman et al., 1989; Crater and Moran, 2002; Danot et al., 1996; Stibitz,
1994).
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In a previous study (White and Winans, 2005), we used TraR structural data to alter all
surface exposed amino acids of the C-terminal domain, and tested each for defects in
activating a class I promoter and a class II promoter (White and Winans, 2005). Alteration
of six amino acid residues abolished activation of both promoters, without significantly
affecting protein accumulation or DNA binding. As these mutants were defective at both
classes of promoter, we concluded that the residues of the wild type TraR most likely
interacted with the ∀CTD.

Two residues in the N-terminal domain of the pTiC58 TraR protein are critical for activation
of a class II type promoter (Luo and Farrand, 1999). Mutations of these residues (D10 and
G123) disrupted contacts with purified ∀-CTD (Qin et al., 2004). It seemed plausible that
other residues in the N-terminal domain of TraR might also make specific contacts with
RNAP. In order to study the role of the TraR N-terminal domain in transcription activation,
we performed saturating site-directed mutagenesis of all surface-exposed TraR residues.
Each mutant was tested for in vivo activity at a class II promoter, for its accumulation in
vivo, and for ability to bind DNA in vitro. We identified 15 mutations that accumulate and
bind to DNA but that fail to activate the class II promoter. Of these, 9 mutants also abolish
activation of the class I promoter, while the remaining 6 mutants affected only the class II
promoter. From these data, and from the positions of these mutations on the surface of TraR,
we speculate that the residues needed for both class I and class II promoters are likely to
interact with ∀CTD of RNAP, while the residues needed only for the class II promoter are
likely to interact with another RNAP subunit.

Results
Mutagenesis of residues in the N-terminal domain of TraR

As described above, we sought to determine whether the N-terminal domain of TraR
contains regions likely to make direct contact with RNA polymerase. We used the X-ray
crystal structure of TraR (Vannini et al., 2002; Zhang et al., 2002) to identify all solvent-
exposed residues on this part of the protein, and used site-directed mutagenesis to alter each
residue (Vannini et al., 2002; Zhang et al., 2002). Seven residues of the linker domain were
also included in this study. We have previously found that many alterations of surface
residues of TraR can cause a significant decrease in protein accumulation, indicating that the
mutants were sensitive to proteolysis (White and Winans, 2005). In an effort to minimize
this problem, we made substitutions wherever possible that preserved interactions with
adjacent amino acid residues, but that altered the surface exposed to solvent. In all, 117
point mutants were constructed at 103 positions, saturating the surface of the TraR NTD.
These mutants are listed in Table S1 and also indicated in Fig. 1.

Activity of TraR mutants in vivo
Each TraR mutant was tested for its ability to activate transcription of a TraR-dependent
promoter. We used A. tumefaciens strain NTL4 (pCEW260), which lacks a Ti plasmid and
thus does not have the native traR or traI genes (Luo et al., 2001). Plasmid pCW260
contains a PtraI-lacZ fusion, and has a wild type traI promoter except for a one-nucleotide
mutation in its tra box. This mutation creates a consensus tra box with perfect dyad
symmetry (White and Winans, 2005). The wild type TraR protein expressed this fusion at
high levels (approximately 3000 Miller units) in the presence of saturating levels of OOHL
(100 nM), while its activity in the absence of either TraR or OOHL was barely detectable
(less than 5 Miller units). OOHL was added at four different concentrations (0.1 nM, 1 nM,
10 nM and 100 nM) to each culture and assayed for ∃-galactosidase activity 8 hours later.
The resulting expression levels for all 117 mutants are shown in Table S1. Twenty mutants,
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together altering 18 residues, showed less than 50% of wild type activity in the presence of
100 nM OOHL (Table 2).

In vivo accumulation of mutant proteins
In previous studies, we found that some TraR point mutants defective in activation also
failed to accumulate in vivo (White and Winans, 2005). We therefore used semi-quantitative
Western immunoblotting to test all mutants for their ability to accumulate in vivo. These
assays were done using the same A. tumefaciens strain as used for activity assays described
above. Equivalent amounts of crude cell extracts were loaded into each lane. A
representative Western is shown in Fig. 2, and the data expressed in per cent accumulation
compared with wild type for all mutants are summarized in Table S1. Results for the 20
mutants described above are shown in Table 3.

Of the 20 mutants described in Table 2, three mutants accumulated at levels less than 45%
of wild type (Table 3). Conversely, 17 mutations, altering 16 different residues, did not
cause a decrease in abundance commensurate with their decrease in activity. These 16
mutations are expected to cause defects in some other aspect of transcription activation,
possibly either DNA binding or interactions with RNAP.

Ability of TraR mutants to bind DNA fragments containing tra box sequences
We conducted electrophoretic mobility shift assays (EMSA) using a radiolabeled DNA
fragment and cleared cell lysates containing TraR point mutants. The strains were cultured
in the presence of OOHL and Western blots were performed with each cleared cell lysate
(data not shown). The volumes of each lysate added to the gel were adjusted using the
Western immunoblot data described above. The DNA fragment used in these experiments
contained the traA-traC intergenic region, which contains a consensus binding site for TraR.
Mutants that had severe defects in accumulation in A. tumefaciens (see above) also did not
accumulate well in the protease-deficient strain KY2347, and were therefore not included in
the gel mobility shift assays. Representative EMSA data are shown in Fig. 3, while the data
for all mutants are summarized in Table S1. Complexes were not detected using an extract
lacking TraR (Fig. 3, lanes labeled vector control). Of the 20 transcription-defective mutants
described in Table 2, three bound the tra box DNA fragment at levels less than 40% of wild
type (Table 3). For these mutants, D17E, H44K, and N122D, the defect in DNA binding
could explain the defect in transcription. However, two of these mutants were also defective
in accumulation. In all, a total of 16 mutants, altering 15 residues, showed defects in
transcription that could not be accounted for by a lack of accumulation or an inability to
bind tra box DNA. These mutants are therefore candidates for having defects in interactions
with RNA polymerase.

Activity of site-directed mutants at a class I promoter
The activity assays described above were all done with a class II promoter, where TraR
could interact with several different subunits of RNAP. We also tested these mutants at the
traM promoter, which is a class I promoter. TraR activating such a promoter should in
principle interact only with ∀CTD. The promoter we used was identical to the wild type
PtraM promoter except that its tra box contained the consensus TraR binding sequence
(White and Winans, 2005).

This promoter has a TraR-independent basal expression of approximately 120 Miller units,
and is activated only approximately seven-fold by TraR in the presence of saturating OOHL
concentrations. Since this induction ratio is rather low, we tested the mutants using
saturating levels of OOHL (100 nM) and deducted the TraR-independent activity of this
promoter. Many of the TraR mutants that were impaired at traI were also impaired at PtraM
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(Table 4). The clearest examples of this include D6G, D10N, K74E, R77E, and G123R,
while other possible examples include R75E, S78E, R79E, and D144R. In a previous study,
additional positive control mutations were isolated in the TraR CTD, all of which blocked
activity at both types of promoters (White and Winans, 2005).

A few of the mutants that were defective at the traI promoter were unimpaired at the PtraM
promoter (Table 4). The clearest examples of this are A13L, I20W, and K80E, while other
possible examples include K7R, E15K, and N122A. These phenotypes suggest that the wild
type residues at these positions contact RNAP at the traI promoter but make no critical
contacts with RNAP at the traM promoter.

Intragenic complementation of TraR mutants
Dimeric transcription factors ought in principle to have two activating regions (ARs) per
dimer. If an AR is composed of amino acids from both subunits, it may be possible to
restore protein function by co-expressing two defective proteins (see Fig. 4). The data
described above, taken in conjunction with structural information, suggested that the AR
that contacts ∀-CTD might be composed of amino acid residues of both TraR subunits. To
test this, we co-expressed various TraR PC mutants and assayed for TraI promoter activity.
One of these mutations, W184H, lies in the TraR-CTD and has a strong positive control
defect (White and Winans, 2005). When mutant D10N was co-expressed with W184H, no
complementation was observed (Table 5). This suggests that one mutation disrupted one of
the two ARs in the TraR dimer, while the other mutation disrupted the second AR (Fig. 4).
Residues W184 and D10 of each AR must therefore be contributed by the same subunit. In
contrast, when mutants G123R and W184H were co-expressed, activity was almost fully
restored (Table 5). This suggests that W184 and G123 of each AR are contributed by
different subunits, and that in the merodiploid strain, each heterodimer has one functional
site and one doubly non-functional one (Fig. 4).

In a third experiment, mutants D10N and G123R were co-expressed. Activity was restored,
but not to wild type levels (Table 5). The restoration of activity suggests that D10 and G123
of each AR are contributed by different subunits. The fact that restoration was incomplete
suggests that the two mutations on one AR somehow weakened the activity of the opposite
AR, possibly via a perturbation of the quaternary structure of the TraR dimer.

Discussion
In a previous study, we saturated the surface of the TraR CTD with point mutations, and
identified a contiguous patch of residues that are essential for activation of Class I and Class
II promoters (White and Winans, 2005). In the present study, we sought to identify one or
more similar patches on the TraR NTD. Two positive control mutations in the TraR NTD
have previously been described by another group (Qin et al., 2004). Saturation mutagenesis
of the surface of the TraR NTD led to the discovery of a significant number of residues that
are required for positive control. Each such residue may make direct contacts with RNAP.

TraR is probably a highly flexible molecule, with two NTDs tethered to two CTDs by a
flexible linker. If so, then the spatial position of the two NTDs of the dimer with respect to
the two CTDs could be highly variable at different promoters. We believe that the CTDs of
the TraR dimer, once bound to tra box DNA, can then recruit RNAP to the promoter.
Different surfaces of the TraR NTDs could then “explore” the surface of any proximal
RNAP surface until a patch of TraR binds a patch of RNAP.

Assuming that residues required for positive control do contact RNAP, we would like to
begin to map these interactions, identifying which subunit of RNAP is contacted by each
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residue. Presumably, residues required for activation of both class I and class II promoters
most likely contact the ∀-CTD, while residues required only for class II promoters are more
likely to contact some other RNAP subunit. We have divided all positive control mutants
into two groups: (i) those that affect the Class I and Class II promoters, and (ii) those that
affect only the Class II promoter. Residues of the former class are likely to contact ∀-CTD
and are shown in white in Figures 5 and 6, while the latter class are likely to contact another
RNAP subunit and are shown in black.

The asymmetry of crystallized TraR creates what we will refer to as a “concave” surface and
a “convex” surface (Fig. 5). In many cases, residues that are quite closely packed on the
concave surface are widely dispersed on the convex surface. For example, W184 of one
subunit and G123 of the other subunit lie less than 5 angstroms apart on the concave surface,
but lie 55 angstroms apart on the convex surface. All the amino acid residues that are
thought to contact ∀CTD are closely spaced on the concave surface, while they are widely
separated on the convex surface. As a working model, we propose that the asymmetry of
cyrstalized TraR resembles to some degree the active form in vivo, and that the concave
surface of TraR resembles the surface that contacts ∀CTD. If so, all four domains of the
TraR dimer contribute residues to this putative patch. Three are contributed by the NTD of
the A subunit (D6, D10 and D144), six are contributed by the NTD of the B subunit (K74,
R75, R77, S78, R79, and G123), five are contributed by the CTD of the A subunit (W184,
V187, K189, E193 and V197), and one is contributed by the CTD of the B subunit (D217).
Some of these residues are somewhat sheltered from solvent, especially D6, D10, but would
be far more exposed to solvent if the NTD and CTD were to separate slightly. Intragenic
complementation analysis supports this model, as it demonstrated that residues G123 and
D10 are contributed by opposite subunits, as are residues G123 and W184, while W184 and
D10 are contributed by the same subunit.

Of the fifteen residues of this patch, five are basic and five are acidic. As described above,
these residues most likely interact with ∀-CTD of RNAP. Given the flexibility of the TraR
linker, the NTD and CTD of this protein should be able to separate, so that the residues
contributed by the two CTDs could bind one face of ∀-CTD of RNAP, while the residues
contributed by the two NTDs could bind another face. The ∀-CTD of RNAP of A.
tumefaciens has a pronounced acidic patch that could conceivably bind the basic residues
K74, R75, R77, and R79 (data not shown).

Four residues (W184, V187, K189, and V197) are located at or near the turn between ∀-
helix 10 and ∀-helix 11 (the scaffold helix of the helix-turn-helix motif). Very similar
activating regions have been identified in a number of other regulators with HTH motifs,
including CAP, FNR, SoxS, and 8C1 (Bell and Busby, 1994; Busby and Ebright, 1999;
Bushman et al., 1989; Griffith and Wolf, 2002). In all of these cases, the activating region
includes a surface-exposed loop similar to that of TraR. Similar ARs have been identified in
the DNA-binding domains of the NarL homologues GerE and BvgA (Crater and Moran,
2002; Stibitz, 1994). The activating region of FNR that contacts ∀CTD is also extensive and
spans across three surface-exposed loops, while the FNR homologue CAP contacts the
∀CTD with just one loop (Bell and Busby, 1994; Busby and Ebright, 1999; Li et al., 1998;
Williams et al., 1997).

Although we predict that the two activating regions described above contact the ∀-CTD, the
positions of these patches are intriguing. In the CAP-∀CTD-DNA ternary structure, the
∀CTD binds in the minor groove directly downstream of CAP in class I promoters, and
directly upstream of CAP in class II promoters. Contacts are therefore made using the
“downstream surface” or “upstream surface” of CAP, respectively. In contrast, the
activating regions of TraR lie neither on the upstream nor downstream surfaces of the

Costa et al. Page 6

Mol Microbiol. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



protein, but rather on a side surface, suggesting that ∀-CTD could bind DNA to one side of
TraR (Fig. 5B). This was reported to be the case for the BvgA protein of Bordetella
pertussis (Boucher et al., 2003).

Some of the positive control mutants isolated in this study affected only the Class II
promoter (indicated in black in Figures 5 and 6). The simplest interpretation is that all or at
least most of these mutations block interactions between TraR and a portion of RNAP other
than ∀-CTD. One problem with this interpretation is that some of these mutants overlap
regions that were interpreted as binding ∀-CTD. For example, the mutation K80E blocked
PtraI expression, but had no effect on PtraM (Table 4). However, residue K80 is adjacent to
residues K74-R79, which were needed for both promoters. Similarly, residues K7, A13,
E15, I20 of one subunit, and N122 from the other subunit, are needed only for PtraI, yet
they roughly encircle residues D10 and D6, which are needed for both promoters.
Nevertheless, it is tempting to speculate that K7, A13, E15, I20, and N122 form a
contiguous patch on the convex surface of the TraR dimer, and that this patch contacts
RNAP. If so, alteration of D6 or of D10 might conceivably cause a more general loss of
function of the protein, blocking activity at both promoters.

The mutations that affect both promoters may be somewhat analogous to the AR1 region of
the CAP protein of E. coli (Busby and Ebright, 1999; Lawson et al., 2004; Niu et al., 1996).
AR1 (residues 156-164 and R209) of CAP interacts with the “287 determinant” of ∀
(residues 283-288 and 314-317, all lying within the ∀CTD). In contrast, TraR residues that
contact ∀-CTD are thought to lie on both the TraR CTD and the TraR NTD. AR2 of CAP
(residues 19, 21, 96, and 101, which form a contiguous patch) interacts with residues
162-165 of ∀ (within the ∀NTD). AR3 of CAP (residues 52-58) interacts with residues
593-603 of Φ (lying within region 4, which also decodes the -35 promoter element). At
Class I promoters, only AR1 contacts RNAP, while at Class II promoters, AR1, AR2 and
AR3 can all make productive contacts. AR1 of CAP acts by recruiting RNA polymerase to
promoters, while AR2 and AR3 are thought to function by a combination of recruitment and
postrecruitment mechanisms such as promoter melting.

The LuxR CTD has been extensively mutagenized in a search of positive control mutants
(Egland and Greenberg, 2001; Trott and Stevens, 2001). Three residues essential for
activation but not for DNA binding were described, K198, W201, and I206, which align
with residues K189, E192, and V197 of TraR, respectively. K189, E193, and V197 of TraR
are essential for positive control, indicating that these positive control regions overlap. The
LuxR-NTD has not so far been studied at this level. The fact that LuxR functions in E. coli
has been exploited by using libraries of alanine scanning mutants of the RNAP ∀ and Φ
subunits. Mutations of Φ residues 591, 595, 597, 602, and 603 strongly inhibited LuxR-
dependent gene expression (Johnson et al., 2003). Many of these residues were also critical
in interactions between Φ and AR3 of CAP (Lawson et al., 2004). In a separate study,
alteration of ∀-CTD residues 262, 265, 290, 295, 296 and 314 inhibited LuxR activity.
These residues overlap the 287 determinant, which interacts with AR1 of CAP (Lawson et
al., 2004). These studies using screening of alanine-scanning mutants of LuxR or RNAP
subunits thus provided evidence that LuxR binds both the ∀CTD and Φ subunits of the
RNAP (Finney et al., 2002; Johnson et al., 2003; Stevens et al., 1999).

Experimental Procedures
Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are listed in Table 1. A. tumefaciens strains
were cultured in AT minimal medium at 28°C (Tempe et al., 1977). Escherichia coli strains
were cultured in LB medium. Synthetic OOHL was provided by A. Eberhard (Cornell
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University). Antibiotics were added to maintain plasmids at the following concentrations:
100 μg/mL spectinomycin, and 50 μg/mL kanamycin for E. coli; and 200 μg/mL
spectinomycin and 200 μg/mL kanamycin for A. tumefaciens.

DNA manipulations and strain constructions
Recombinant DNA techniques were performed using standard procedures (Sambrook and
Russell, 2001). Plasmid DNA was isolated from E. coli with QIAprep spin miniprep kits
(Qiagen) for DNA sequence analysis. DNA sequences of constructs that were obtained by
PCR were verified using automated DNA sequencing (Cornell Biotechnology Resource
Center) and analyzed using the LaserGene program (DNASTAR). Plasmids were introduced
into E. coli by transformation (Sambrook and Russell, 2001) and into A. tumefaciens by
electroporation (Cangelosi et al., 1991). E. coli strain DH5∀ was used for all plasmid
constructions.

Site-directed mutagenesis
Site-directed mutagenesis of TraR was performed using synthetic overlap extension PCR
(Sambrook and Russell, 2001). A 978 bp fragment of plasmid pYC335 was amplified using
Taq polymerase High Fidelity (Invitrogen). The restriction sites for EcoRI and SacII were
used to introduce mutated DNA fragments into the wild type gene. For mutations T167S,
A168V and E169Q, we used EcoRI and MfeI. All oligonucleotides used in this study are
listed in Table S2 and were obtained from Integrated DNA Technologies (Coralville, Iowa).
Restriction enzymes were obtained from New England Biolabs.

In vivo assays for TraR activity
Bioassays were conducted with derivatives of A. tumefaciens strain NTL4 harboring plasmid
pCEW260, which carries PtraI-lacZ reporter or pCEW105, which carries a PtraM-lacZ
reporter. Each strain also contained plasmid pYC335, which expresses Plac-traR, or a
derivative of pYC335 expressing a traR point mutant. Strains were cultured in At minimal
medium to an OD600 of 0.3 to 0.4. Each was then diluted 20 fold into fresh AT medium
containing the indicated concentrations of OOHL, and incubated with vigorous aeration for
8 hours. Assays for ∃-galactosidase activity were performed as previously described (Miller,
1972). All experiments were conducted in triplicate and repeated at least three times.

Immunodetection of TraR
The abundance of each TraR protein was determined in parallel with the activity assays
described above. A portion of each culture was centrifuged and the cell pellets were
resuspended in 5% of their original volume in 1x cracking buffer (125 mM Tris pH 6.8, 4%
SDS, 20% glycerol, 200 mM DTT, 0.02% bromphenol blue). Cells were disrupted by
boiling for 5 min, cooling to −80° C, and boiling for another 5 min. A fraction of each
sample was size-fractionated using 12% SDS polyacrylamide gels, and electroblotted onto
nitrocellulose membranes (BIORAD). The membranes were blocked using TBS (20 mM
Tris pH 7.9, 500 mM NaCl, 0.05% Tween20) with 5% skim milk, and immunodetected in
TBS with pre-adsorbed polyclonal anti-TraR rabbit antiserum (Chai and Winans, 2004).
Goat anti-rabbit IgG conjugated with alkaline phosphatase (BIORAD) was used as the
secondary antibody, and the membranes were stained with BCIP (5-bromo-4-chloro-3-
indoyl phosphate p-toluidine salt) and NBT (p-nitro blue tetrazolium chloride) (BIORAD).
Westerns were performed with fresh cell lysates for each strain at least three times. Data
were analyzed using ImageJ (http://rsb.info.nih.gov/ij/) (Rasband, 2004), and normalized
against cross-reacting material in each lane.

Costa et al. Page 8

Mol Microbiol. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://rsb.info.nih.gov/ij/


Gel mobility shift assays
Clarified cell extracts were used for all gel mobility shift assays. Extracts were prepared
from the strain KY2347 (a clp, lon mutant) carrying pYC335 or derivatives of it carrying
each of the traR mutants. Strains were cultured at 28° C in LB broth supplemented with 100
ug/mL spectinomycin to an OD600 of 0.2, treated with 500 uM IPTG and 200 nM OOHL,
and incubated for an additional 6 hours at 28°C. Cells were then harvested, resuspended in
SEDG buffer (Pappas and Winans, 2003), disrupted using a French pressure cell (20,000
psi), and clarified by ultracentrifugation. TraR abundance in each extract was estimated
using Western immunoblots, which were analyzed using ImageJ (Rasband, 2004).
Equivalent amounts of soluble full-length TraR were added to each binding reaction.

A 247 nucleotide fragment containing the consensus tra box sequence was constructed by
PCR amplification, using pCEW250 as template and oligonucleotides Ptra-box For and Ptra-
box Rev as primers (Table S2). A negative control fragment of 211 bp in length was PCR
amplified from pCEW250 using the primers Pcontrol gel shift For and Pcontrol gel shift Rev
(Table S2). Both fragments were end-labeled with [(-32P]dATP (Pelkin Elmer) using T4
polynucleotide kinase (New England Biolabs) and incubated with protein extracts as
previously described (Zhu and Winans, 1999). Reactions were size-fractionated in 8%
polyacrylamide gels at 4°C as previously described (Pappas and Winans, 2003). Results
were analyzed using a Storm B840 PhosphorImager (Molecular Dynamics). Gel shifts were
performed with independent clarified lysates at least twice for each strain.

Intragenic complementation
Bioassays were conducted with derivatives of A. tumefaciens strain WCF47 (Zhu et al.,
1998) carrying a PtraI-lacZ fusion in the Ti plasmid. The TraR mutants, W184H, D10N and
G123R were cloned in both pPZP201 and pBBR1MCS5 using the restriction sites for EcoRI
and BamHI. Every possible mutant/plasmid combination was tested. Assays for ∃-
galactosidase activity using 100 nM of OOHL were performed as previously described
(Miller, 1972).

Structural analyses
SWISSPROT PDB Viewer (Guex and Peitsch, 1997) (http://www.expasy.org/spdbv/) and
Protein Explorer (Martz, 2002) (http://proteinexplorer.org) were used to identify all surface
residues of the TraR NTD, and to map the point mutants onto the structure of TraR. There
are two crystal structures of TraR-OOHL-DNA complexes available from RCSB
(http://www.rcsb.org) (accession codes are 1L3L and 1HOM).
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Figure 1.
Saturation mutagenesis of the surface of the NTD of TraR. Residues in white were altered
by site-directed mutagenesis.
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Figure 2.
Western immunoblot data of TraR point mutants in A. tumefaciens strain NTL4
(pCEW260). Strains containing pYC335 or pPZP201served as positive and negative
controls, respectively. Purified TraR was also used as a positive control for all westerns (left
lane). The cross-reacting material (CRM) was used to normalize the intensity of each TraR
band.
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Figure 3.
Electrophoretic mobility shift assays with TraR in crude cell extracts. The amount of full-
length, soluble TraR in each extract was normalized using western immunoblots.
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Figure 4.
Intragenic complementation of mutations of D10, G123, and W184. Successful
complementation was taken as an indication that the amino acid residues are contributed by
opposite subunits.
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Figure 5.
Positive control mutants isolated in this study (in the TraR NTD) and in a previous study
(TraR-CTD) (White and Winans, 2005). Residues in white affect both PtraI and PtraM,
while residues in black affected only PtraI. (A) View of TraR along the DNA axis, showing
the concave and convex faces of the crystal structure. (B and C) TraR rotated to show the
concave surface and convex surfaces, respectively.
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Figure 6.
Closeup views of TraR residues required for positive control. Residues in white are needed
for both promoters, while residues in black are needed only for PtraI. (A) A patch on the
concave surface, composed of residues from both subunits and both domains of each
subunit. (B) A patch on the convex surface, composed of residues from the NTDs of both
subunits.
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Table 1

Strains and plasmids used in this study.

Strains and plasmids Relevant features References

Strains

DH5∀ E. coli, ∀-complementation Stratagene

KY2347 E. coli strain MG1655, (clpPX-lon) 1196::cat (Herman et al., 1998)

NTL4 A. tumefaciens, Ti-plasmidless derivative of strain C58 (Luo et al., 2001)

WCF47 A. tumefaciens containing a non polar internal deletion of traI (Zhu et al., 1998)

Plasmids

pYC335 traR cloned into EcoRI and BamHI sites of pPZP201 (Chai and Winans, 2004)

pPZP201 broad-host range cloning vector, SpR (Hajdukiewicz et al., 1994)

pCEW105 Consensus PtraM-lacZ fusion, KmR (White and Winans, 2005)

pCEW250 Consensus tra box at PtraI (White and Winans, 2007)

pBBR1MCS5 Broad host range vector, GmR (Kovach et al., 1995)

pCEW260 Consensus PtraI-lacZ fusion, KmR (White and Winans, 2007)
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Table 3

Accumulation in A. tumefaciens and DNA-binding affinity in vitro of all transcription-defective mutants.

Mutation Accumulation (percent of wild type) DNA binding (percent of wild type)

Wild type (100) (100)

Vector Control <1 <1

D6E 120 89

D6G 102 70

K7R 78 80

D10N 101 109

A13L 100 65

E15K 45 74

D17E 70 30

I20W 49 57

H44K 27 20

P71H <10 NTa

K74E 76 74

R75E 88 41

R77E 77 72

S78E 100 103

R79E 68 63

K80E 92 65

N122A 61 100

N122D 33 35

G123R 72 110

D144R 82 74

a
NT, not determined.
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Table 4

Activity of TraR mutants at the TraM promoter.

Mutation Activity at PtraI 100 nM Activity at PtraM 100 nM TraR-dependent PtraM activity

Wild Type (100) (100) 86

Vector <1 14 0

D6E 42 78 64

D6G <1 16 2

K7R 44 75 61

D10N <1 15 1

A13L 7 104 90

E15K 46 98 84

D17E 21 70 56

I20W 14 100 86

H44K 42 27 13

K74E 8 36 22

R75E 48 40 26

R77E 1 15 1

S78E 28 37 23

R79E 36 46 32

K80E 23 102 88

N122D 16 33 19

N122A 29 62 48

G123R <1 35 21

D144R 23 47 33
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Table 5

Intragenic complementation of positive control mutations of TraR.

pPZP201 derivative pBBR1MCS5 derivative ∃-galactosidase Activity

wild type wild type 2343

vector vector 2

D10N G123R 425

G123R D10N 334

D10N W184H 45

W184H D10N 34

G123R W184H 1556

W184H G123R 1408
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