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The opportunistic pathogen Pseudomonas aeruginosa utilizes a type III secretion system (T3SS) to evade
phagocytosis and damage eukaryotic cells. Transcription of the T3SS regulon is controlled by ExsA, a member
of the AraC/XylS family of transcriptional regulators. These family members generally consist of an ~100-
amino acid carboxy-terminal domain (CTD) with two helix-turn-helix DNA binding motifs and an ~200-amino
acid amino-terminal domain (NTD) with known functions including oligomerization and ligand binding. In the
present study, we show that the CTD of ExsA binds to ExsA-dependent promoters in vitro and activates
transcription from ExsA-dependent promoters both in vitro and in vivo. Despite possessing these activities, the
CTD lacks the cooperative binding properties observed for full-length ExsA at the P, . promoter. In addition,
the CTD is unaffected by the negative regulatory activity of ExsD, an inhibitor of ExsA activity. Binding studies
confirm that ExsD interacts directly with the NTD of ExsA. Our data are consistent with a model in which a
single ExsA molecule first binds to a high-affinity site on the P, . promoter. Protein-protein interactions
mediated by the NTD then recruit an additional ExsA molecule to a second site on the promoter to form a
complex capable of stimulating wild-type levels of transcription. These findings provide important insight into

the mechanisms of transcriptional activation by ExsA and inhibition of ExsA activity by ExsD.

Pseudomonas aeruginosa is an important opportunistic
pathogen for patients with burn wounds, cystic fibrosis, and
immunodeficiency (34, 35). An important determinant of P.
aeruginosa virulence is a type III secretion system (T3SS) (1,
17, 24, 39). T3SSs are found in many gram-negative pathogens
and consist of a macromolecular needle complex (injectisome)
that functions by translocating toxins (effectors) into eukary-
otic host cells (7, 20). Biosynthesis of the P. aeruginosa injec-
tisome is dependent upon >30 gene products and is subject to
multiple levels of transcriptional regulation (49). The primary
regulator of T3SS gene expression is ExsA, a transcriptional
activator of the AraC/XylS family (13, 14). ExsA-dependent
transcription is coupled to type III secretory activity through a
cascade of three interacting proteins, ExsC, ExsD, and ExsE.
ExsD functions as an antiactivator by binding to and inhibiting
ExsA-dependent transcription (28). It is unclear whether ExsD
inhibits the DNA binding and/or transcriptional activation
properties of ExsA. ExsC functions as an antiantiactivator by
binding to and inhibiting the negative regulatory activity of
ExsD (10). Finally, ExsE is a secretable regulator that binds to
and inhibits ExsC activity (37, 43). Activating signals, such as
growth under calcium-limiting conditions or contact of P.
aeruginosa with eukaryotic cells, convert the type III export
machinery to a secretion-competent state (21, 28, 44). Under
those conditions, ExsE is secreted into the extracellular milieu
or translocated into host cells by the T3SS (42). The corre-
sponding decrease in intracellular ExsE releases ExsC to bind
ExsD, thereby relieving ExsD-mediated inhibition of ExsA ac-
tivity.
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Although the ExsCDE regulatory cascade provides a mech-
anism for controlling ExsA activity, the mechanism of ExsA-
dependent transcriptional activation is poorly understood. A
total of 10 ExsA-dependent promoters are known to control
T3SS gene expression. Transcriptional start sites have been
mapped for 4 of the 10 promoters by primer extension (47, 48).
In each case, the start sites are spaced downstream of a se-
quence resembling the —10 region (TATAAT) typical of ¢’°-
dependent promoters. Each ExsA-dependent promoter also
contains a —35 region similar to the consensus sequence (TT
GACA) for ¢’°-dependent promoters. The putative —35 and
—10 regions for ExsA-dependent promoters match the con-
sensus at four or more positions out of six (4). Unlike typical
o’°-dependent promoters where the —35 and —10 sites are
separated by ~17 nucleotides, the presumptive —35 and —10
sites in ExsA-dependent promoters are separated by 21 or 22
nucleotides (4). This observation has raised the question as to
whether the —35 regions of ExsA-dependent promoters are
authentic determinants for RNA polymerase recruitment (4).

Biochemical data indicate that ExsA is predominantly mo-
nomeric in solution and that each ExsA-dependent promoter
contains two adjacent binding sites for monomeric ExsA (4).
ExsA binding to the P, , promoter is dependent upon several
highly conserved nucleotides located within a region of the
promoter that includes the putative —35 hexamer and extends
upstream an additional 21 bp (4, 18). The current model pro-
poses that monomeric ExsA binds to a high-affinity site (bind-
ing site 1) that overlaps the putative —35 region (4). A second
ExsA monomer then binds to a lower affinity upstream site
(binding site 2) that bears no obvious similarity in nucleotide
sequence to binding site 1 (4). It is unclear whether ExsA
binding to the two P, ;- promoter sites involves cooperative
interactions. The fact that occupation of site 1 by ExsA is
required for efficient binding to site 2 is suggestive of cooper-
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ative binding interactions. The calculated Hill coefficient for
ExsA binding to the P, promoter (1.1), however, is not
consistent with cooperative binding (4). In contrast, ExsA
binding to the P, promoter is suggestive of cooperative
interactions (Hill coefficient, 1.9). These findings suggest that
the mechanism of ExsA binding might differ between T3SS
promoters.

The AraC/XylS family of transcriptional activators consists
of over 800 members (11). These proteins generally consist of
a distinct amino-terminal domain (NTD) and carboxy-terminal
domain (CTD). The 100-amino acid CTD is most highly con-
served and encodes two helix-turn-helix (HTH) DNA binding
motifs (26). The NTD is poorly conserved among distantly
related family members and mediates ligand binding and
oligomerization (15). Binding of a small molecule ligand is a
common regulatory feature of many AraC/XylS family mem-
bers. The NTD of AraC, the prototypical member of the fam-
ily, undergoes a conformational change upon binding to arabi-
nose, resulting in preferential binding to adjacent half-sites on
the P,,.z4p promoter (38). Several AraC/XylS family proteins
that regulate T3SS gene expression in mammalian pathogens,
however, are known to interact with protein ligands. In some
cases, the protein ligands function as coactivators (SicA in
Salmonella enterica [9] and IpgC in Shigella flexneri [27]),
whereas in other cases, the protein ligands function as antiac-
tivators (OspD1 in Shigella flexneri [29] and ExsD in P. aerugi-
nosa [28]).

The NTD and CTD of AraC/XylS family members are con-
nected by a flexible linker region. In a number of cases, the
NTD and CTD have been separated at the linker region to
study domain function (2, 12, 19, 22, 23, 31, 32). In the present
study, we dissect ExsA into functional NTD and CTD regions
and find that the CTD binds DNA, activates transcription both
in vitro and in vivo, and is immune to ExsD-mediated inhibi-
tion. Our data indicate that the ExsD interaction site is located
within the NTD. Based on these data, we propose that inter-
actions mediated by the NTD of ExsA bound to site 1 of the
P..,c promoter are involved in the cooperative recruitment of
a second ExsA monomer to binding site 2.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Escherichia coli strains were main-
tained on Luria-Bertani agar plates containing the following antibiotics as nec-
essary: kanamycin (50 pg/ml), gentamicin (15 pg/ml), ampicillin (100 pwg/ml), and
tetracycline (10 wg/ml). P. aeruginosa strains were maintained on Vogel-Bonner
minimal medium (45) with antibiotics as indicated (gentamicin [100 pg/ml],
carbenicillin [300 wg/ml], and tetracycline [50 wg/ml]).

Strain UY241 (referred to as the P, .crpq Strain in the text) was con-
structed as follows. PCR-generated fragments consisting of chromosome se-
quences flanking the upstream (1-kb) and downstream (1.5-kb) regions of the
P..,c promoter were sequentially cloned into vector pEX18Gm (16). The P,
promoter (nucleotides —61 to +1 relative to the transcriptional start site) was
replaced with a 235-bp fragment containing a derivative of the constitutive E. coli
lacUV’5 promoter. The resulting plasmid (p2UY36) was mobilized by conjugation
to strain PA103, and allelic exchange was performed as previously described (16).
The recombination was confirmed by PCR analysis using primers outside of the
regions cloned on p2UY36.

Protein expression and purification. The pET16bexs4 expression construct
was described previously (4). The pNTD and pCTD expression plasmids were
constructed by cloning the regions of exsA4 encoding amino acids 1 to 180 and 159
to 278, respectively, as Ndel and BamHI restriction fragments into the corre-
sponding sites of pET16b (EMD Biosciences, Madison, WI). E. coli Tuner (DE3)
was transformed with each of the expression constructs and grown in Luria-
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Bertani broth containing 200 wg/ml ampicillin and 1 mM isopropyl-B-p-thio-
galactopyranoside (IPTG) for 4 h at 30°C. Bacteria were harvested by centrifu-
gation and suspended in 20 mM Tris (pH 8.0), 500 mM NaCl, 0.5% Tween 20,
and 20 mM imidazole supplemented with a protease inhibitor cocktail (complete
mini EDTA-free protease inhibitor cocktail; Roche, Indianapolis, IN). Following
cell disruption via a French pressure cell, cell lysates were cleared by centrifu-
gation (20,000 X g, 15 min, 4°C) and subjected to Ni>*-affinity chromatography
as previously described (28). Peak protein fractions were pooled and dialyzed
against ExsA buffer (20 mM Tris [pH 8.0], 500 mM NaCl, 1 mM dithiothreitol
[DTT], and 0.5% Tween 20). ExsAyy;s, NTDyy;,, and CTDyy;, were purified to
>90% homogeneity as determined by densitometry of silver-stained polyacryl-
amide gels. Each of the purified proteins was resistant to sedimentation following
high-speed centrifugation (100,000 X g, 15 min, 4°C), indicating the absence of
aggregates, and each preparation retained activity after prolonged storage at
—80°C. Protein concentrations were determined using the Bradford protein
assay and bovine serum albumin protein standards to generate a standard curve
(Bio-Rad, Hercules, CA) (3).

For the copurification assay, vectors expressing ExsD alone or coexpressing
ExsAp, NTDyy;, or CTDyy;, were generated by cloning exsD into the second
multiple cloning site of pCOLADuet-1 (Novagen) as an Ndel-Xhol fragment.
The coding sequences for ExsAy;,, NTDyy;, or CTDyy;, were then PCR amplified
from pET16b (including the amino-terminal histidine tag) and cloned into the
first multiple cloning site of pPCOLADuet-1 as Ncol-Sacl fragments. The entire
sequences of all PCR products were confirmed by using nucleotide sequence
analysis (University of lowa DNA facility). E. coli strains expressing the indicated
proteins were grown as described above for protein purification. Cell culture
(1.25 ml harvested at an absorbance [4 ] of 1.0) was pelleted by centrifugation
and resuspended in 300 pl of binding buffer (20 mM Tris [pH 8.0], 150 mM NaCl,
0.5% Tween 20, 10% glycerol, and 10 mM imidazole). Cells were disrupted by
sonication for 10 s, unbroken cells were removed by centrifugation at 4°C for 5
min, and an aliquot was saved as the unbound fraction. Supernatants were
incubated with 50 pl of Talon metal-affinity resin (Clontech, Mountain View,
CA) equilibrated in binding buffer. After 60 min, the resin was sedimented and
washed three times with 500 pl of binding buffer containing 20 mM imidazole,
and bound protein was eluted with 300 pl of sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) sample buffer. The unbound and bound
protein samples were subjected to SDS-PAGE and analyzed by immunoblot
analyses.

SDS-PAGE, immunoblots, and B-galactosidase assays. Whole-cell lysate sam-
ples were prepared by growing cells in trypticase soy broth (TSB) to an A4, of
1.0. Samples were prepared by pelleting 1.25 ml of cell culture, suspending the
pellet in 0.25 ml of SDS-PAGE sample buffer, and sonicating it for 10 s. Samples
were analyzed by SDS-PAGE followed by either silver staining, Coomassie blue
staining, or immunoblotting using antibodies directed against ExsA, ExsD, or the
histidine epitope tag.

The activities of the P, jaczs Poxsptacz, and Po7.c7 reporters (28) were
determined as follows. Strains were grown overnight on Vogel-Bonner minimal
medium plates at 37°C. Bacteria were then scraped from the plate, suspended in
TSB, back-diluted to an A4y, of 0.1 in 10 ml TSB supplemented with 100 mM
monosodium glutamate, 1% glycerol, and 2 mM EGTA as indicated, and incu-
bated at 30°C until the A4, reached 1.0. B-Galactosidase assays were performed
as previously described (28).

In vitro transcription assays. A supercoiled transcription template was gen-
erated by cloning the P, , promoter (nucleotides —444 to +186 relative to the
transcriptional start site) as an EcoRI fragment into pOM90 (36). This vector
incorporates a strong rpoC transcriptional terminator downstream of the cloning
site, resulting in a terminated transcript of 261 nucleotides. Single-round tran-
scription assays were performed by incubating ExsAyy;, CTDyy;, or NTDyyy with
supercoiled P, template (0.5 nM) at 25°C in 1X transcription buffer (40 mM
Tris-HCI [pH 7.5], 150 mM KCl, 10 mM MgCl,, 0.01% Tween 20, and 1 mM
DTT) containing 0.75 mM rATP (the initiating nucleotide of the exsD transcript)
(C. A. Vakulskas and T. L. Yahr, unpublished results). After 10 min, 0.5 U (25
nM final concentration) of ¢’%-saturated E. coli RNA polymerase holoenzyme
(Epicentre Biotechnologies, Madison, WI) was added, and open complexes were
allowed to form for 5 min before the addition of the remaining unlabeled
nucleotides (0.75 mM each of rUTP, rGTP, and rCTP) and 5 pCi [«*?P]CTP in
1X transcription buffer containing heparin (50 pg/ml final concentration). Tran-
scription was allowed to proceed for 10 min at 30°C before reactions (20 pl final
volume) were terminated by adding an equal volume (20 wl) of stop buffer (98%
formamide, 20 mM EDTA, 0.05% bromophenol blue, and 0.05% xylene cyanol).
Reaction mixtures were heated to 95°C for 5 min and electrophoresed on 5%
denaturing urea polyacrylamide gels. All phosphorimaging and densitometry
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FIG. 1. Characterization of ExsA domains. (A) Regions corre-
sponding to the NTD and CTD constructs used in this work are
indicated with solid lines. The HTH motifs of ExsA as well as the
predicted linker region (hatched box) are indicated. Amino acids are
numbered with respect to the initiating methionine. (B) Steady-state
expression levels of ExsAy;,, NTDy;,, and CTDyy;, in P. aeruginosa. A
vector control (pJN105) (lane 1) (V) or arabinose-inducible plasmids
expressing either full-length ExsAy;, (lane 2), NTDyy;, (lane 3), or
CTDyy;, (lane 4) were introduced into an exs4 mutant. Cells were
grown in T3SS-inducing medium in the presence of arabinose (0.5%),
and cell lysate samples were subjected to immunoblot analyses using
an anti-histidine monoclonal antibody. The expressed products are
indicated with arrows, and cross-reactive bands that serve as loading
controls are indicated with asterisks. (C) Transcriptional activation by
ExsA, NTD, and CTD. A vector control or plasmids expressing full-
length ExsA, NTD, or CTD were introduced into an exs4 mutant
carrying the P, c1ucz> Pevsptaczs OF Peroriracz transcriptional reporters.
Strains were grown under inducing conditions for T3SS gene expres-
sion in the presence of arabinose (0.5%) and assayed for B-galactosi-
dase activity. Note that the y axis is plotted on a logarithmic scale.
Reported values (Miller units) are the averages from three indepen-
dent experiments, and error bars indicate the standard errors of the
means.

were performed using an FLA-7000 phosphorimager (Fujifilm) and MultiGage
v3.0 software (Fujifilm).

Electrophoretic mobility shift and circular permutation assays. DNA probes
containing ExsA-dependent promoters (200 bp), as well as a nonspecific frag-
ment from the coding region of pscF (160 bp), were generated by PCR analysis
and end labeled with 20 wCi [y->*P]-ATP (PerkinElmer) and 10 U polynucle-
otide kinase (New England Biolabs) as previously described (4). Electrophoretic
mobility shift assay (EMSA) reaction mixtures (19 ul) containing end-labeled
specific and nonspecific probes (0.25 nM each), 25 ng/pl poly(2’-deoxyinosinic-
2'-deoxycytidylic acid) (Sigma-Aldrich, St. Louis, MO), and ExsA DNA binding
buffer (10 mM Tris [pH 7.9], 50 mM KCI, 1 mM EDTA, 1 mM DTT, 5% glycerol,
and 100 pg/ml bovine serum albumin) were incubated for 5 min at 25°C. ExsAy;,,
NTDyy;,, or CTDyy;, were added to the indicated concentrations in a final reac-
tion mixture volume of 20 ul and incubated at 25°C for 15 min. Samples were
subjected to electrophoresis on 5% polyacrylamide glycine gels (10 mM Tris [pH
7.5], 380 mM glycine, 1 mM EDTA) at 4°C. Circular permutation assays were
performed as previously described (4).

RESULTS

Functional domains of ExsA. The NTD and CTD of AraC,
MarA, and Rob are separated by a flexible linker sequence (25,
33, 40). Based upon an alignment of the primary amino acid
sequence of ExsA with AraC, MarA, and Rob, we predicted
that the NTD and CTD of ExsA are also separated by a flexible
linker region located near amino acid 160 (Fig. 1A). This
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prediction was in agreement with a protein linker algorithm
(41) that localized the linker region to amino acids 149 to 157.
Based on this information, regions of exs4 encoding the NTD
(amino acids 1 to 180) (Fig. 1A) and CTD (amino acids 159 to
278) were cloned into an arabinose-inducible expression vector
that adds an amino-terminal decahistidine tag. ExsA,;;, NTD ;e
and CTDyy;, were expressed in an exs4 mutant, and expression
levels were monitored by using immunoblotting with an anti-
body that recognizes the histidine fusion tag. Whereas the
steady-state expression level of the NTD was comparable to
that of the full-length ExsA, the level of the CTD was notice-
ably reduced (Fig. 1B). Despite the reduced steady-state level
of the CTD, subsequent analyses (discussed below) found that
both the NTD and CTD possess distinct activities, indicating
that discrete functional domains had been defined.

The CTD activates T3SS promoters in vivo and in vitro. To
determine whether the NTD or CTD could activate transcrip-
tion in vivo, expression plasmids were introduced into an exs4
mutant carrying one of three previously described transcrip-
tional reporters for T3SS gene expression (P, ¢ 1acz> Pexsp-taczs
or P, r1a.cz) (28). The resulting strains were grown under
conditions permissive for T3SS gene expression (Ca** limit-
ing) and assayed for B-galactosidase activity. The NTD, lacking
the DNA binding domain, was unable to stimulate expression
of the lacZ reporters (Fig. 1C). The CTD, however, activated
expression of each of the reporters, although to significantly
lower levels than the expression levels seen with full-length
ExsA. Given the reduced steady-state levels of the CTD com-
pared to those of ExsA (Fig. 1B), it was unclear whether the
decreased activity of the CTD resulted from a difference in
expression levels or a defect in DNA binding and/or transcrip-
tional activation.

To more quantitatively compare the transcriptional activa-
tion properties of ExsA to the CTD, we employed in vitro
transcription assays. ExsA;y;,, NTDyy,., and CTDyy;, were puri-
fied from E. coli as histidine-tagged fusion proteins to >90%
homogeneity as judged by silver-stained SDS-polyacrylamide
gels (Fig. 2A). Single-round transcription assays were per-
formed using a plasmid template carrying the P,,,, promoter
cloned upstream of a strong transcriptional terminator. RNA
polymerase alone (Fig. 2B, lane 1) or in the presence of 20 nM
NTDy,; (data not shown) was unable to generate a transcript
from the P,,,,, promoter. The addition of either ExsAy; (Fig.
2B, lanes 2 to 7) or CTDy;, (Fig. 2B, lanes 8 to 13), however,
generated a terminated transcript of the expected size. Neither
ExsAyy; nor CTDyy; had an effect on a constitutive transcript
produced from a plasmid-borne promoter (Fig. 2B). Com-
pared to ExsA, approximately fourfold-higher concentrations
of CTDyy;, were required to generate an equivalent amount of
terminated transcript. We were unable to determine the con-
centration of CTDyy;, required for half-maximal activation be-
cause protein concentrations higher than those utilized in Fig.
2B nonspecifically inhibit the in vitro transcription assay (data
not shown). These data indicate that most if not all of the
transcriptional activation properties of ExsA are located within
the CTD.

DNA binding properties of the CTD. We next examined the
DNA binding activity of the CTD by EMSA. For these assays,
ExsA;y;, NTDyy,, and CTDyy;, were incubated with a specific
promoter probe (P P or P,,,) and an equivalent

exsC» exsD>
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FIG. 2. DNA binding and transcriptional activation properties of
ExsApi, NTDyy;, and CTDyye. (A) ExsAp;,, NTDyy;,, and CTDyy
were purified from E. coli by using Ni*"-affinity chromatography, and
samples (1 pg) were subjected to SDS-PAGE and detected by silver
staining. Molecular mass standards (in kDa) are indicated on the left.
(B) A plasmid template carrying the P, ,, promoter followed by a
strong transcriptional terminator was incubated alone (lane 1) or in the
presence of ExsAy; (lanes 2 to 7) or CTDyy;, (lanes 8 to 13) at the
indicated concentrations for 10 min with rATP. RNA polymerase was
then added for 5 min to allow for open complex formation. A single
round of elongation (10 min at 30°C) was initiated by adding heparin,
ribonucleotides, and [a-P**|rCTP. Reaction mixtures were analyzed by
electrophoresis, followed by phosphorimaging. ExsA-dependent (ar-
row) and ExsA-independent (asterisk) transcripts are indicated.
(C) EMSA comparing the DNA binding properties of ExsAy;, and
CTDy;,. Nonspecific (Non-Sp) and specific (Sp) promoter fragments
(P,isc> Porsp», and P, 1) were incubated in the absence (—) or presence
(+) of ExsAyy;s (74 nM) or CTDyy;, (280 nM) for 15 min. Samples were
subjected to electrophoresis and phosphorimaging. Shift products 1
and 2 for each of the promoter fragments are indicated.

amount of a nonspecific probe. Samples were then analyzed by
PAGE and phosphorimaging. As expected, NTDy;, lacked
DNA binding activity (data not shown), whereas ExsAy;, (74
nM) specifically retarded the mobility of the P,., P,..p», and
P..,r promoter probes, resulting in the appearance of two
distinct shift products (1 and 2) (4) (Fig. 2C, lanes 2, 5, and 8).
A previous study found that shift products 1 and 2 result from
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the binding of an ExsA monomer to binding site 1 followed by
occupation of site 2, respectively (4) (Fig. 3A). The CTD (280
nM) also specifically bound each of the promoter probes, gen-
erating shift products 1 and 2 (Fig. 2C, lanes 3, 6, and 9). The
noticeable difference in migration of the shift products gener-
ated by ExsAy;, and CTDyy;, presumably reflects the difference
in molecular masses of CTDyy;, (17 kDa) and ExsA;;, (34
kDa). Formation of similar amounts of shift products 1 and 2
at each of the promoters required a fourfold-higher concen-
tration of CTDyy;, relative to that of ExsA;.. These data sug-
gest that the CTD has a lower binding affinity for T3SS pro-
moters than ExsA;;, or that the specific activity of purified
CTDyy;, is lower than that of ExsAy;.

ExsAy;, and CTDy;, preferentially bind to site 1 on the P, .
promoter. Maximal formation of shifts products 1 and 2 at the
P...r promoter is dependent upon several highly conserved
nucleotides (Fig. 3A) that constitute the ExsA consensus-bind-
ing site (4). To determine whether the same nucleotides are
required for binding by the CTD, P,,,, promoter probes car-
rying mutations within binding site 1 (C45A or G37C), binding
site 2 (AS5G or A54G), or a nonconserved position (C50G)
were subjected to EMSA in the presence of ExsAp; or
CTDyy;,. As previously reported, mutations within binding site
2 have little effect on the formation of shift product 1 by
ExsAyy;, (Fig. 3B, lanes 3 and 4), while binding site 1 mutations
result in a significant reduction in both shift products 1 and 2
(4) (Fig. 3B, lanes 6 to 7). Similar results were seen when using
the CTDyy;, (Fig. 3B). These findings indicate that the binding
of ExsA and CTD to site 1 is required for maximal formation
of shift products 1 and 2 and further suggest that binding to site
1 precedes the occupation of site 2.

The NTD is required for cooperative interaction at the P,
promoter. The previously determined Hill coefficient of 1.9 =
0.2 for ExsAyy;, binding to the P, promoter is suggestive of
cooperative binding (4). Since the NTDs of some AraC/XylS
family members are involved in self-interactions and coopera-
tive binding (15), we tested whether CTDy;, binding was also
cooperative. EMSA experiments using the P, . promoter
probe were performed over a range of ExsAp;, or CTDyy;
concentrations. As noted previously (4), low concentrations of
ExsAyy;, result in the simultaneous appearance of shift prod-
ucts 1 and 2, whereas higher concentrations result in the pref-
erential accumulation of shift product 2 with no net increase in
the amount of shift product 1 (4) (Fig. 4A, lanes 2 to 8). In
contrast, however, titrations with CTDy;, resulted in the pref-
erential formation of shift product 1, followed by the eventual
appearance of shift product 2 at higher concentrations of
CTDyy; (Fig. 4A, lanes 9 to 15). In addition, at protein con-
centrations sufficient to shift 50% of the probe, the ratio of
shift product 2 to shift product 1 (P2/P1) generated by ExsAy;,
was approximately 3:1, whereas this ratio is reversed (ca. 1:3)
for products generated by CTDyy;,. These findings indicate that
CTDyy; lacks the cooperative binding properties seen for
ExsAy;, binding to the P, promoter. In support of this
conclusion, the calculated Hill coefficients for binding of
ExsA;y; and CTDyy to the P, promoter were 2.1 = (0.3 and
1.2 = 0.2, respectively (Fig. 4C). These data indicate that
cooperative binding of ExsAy;, to the P, promoter is de-
pendent upon the NTD.

Although ExsA likely binds cooperatively to the P, . pro-
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FIG. 3. ExsAy;, and CTDyy;, preferentially bind to site 1 on the promoter P, ;. (A) Diagram of the promoter P, The putative —35 consensus
and adenine-rich regions are indicated and highlighted with gray boxes. Nucleotides highly conserved in all ExsA-dependent promoters are bold,
and those changed by site-directed mutagenesis are indicated with asterisks. ExsA binding sites 1 (solid arrow) and 2 (dashed arrow) are indicated.
(B) EMSA comparing the DNA binding of ExsA;, and CTDyy;, to P, promoter mutants. P, ;- probes with the indicated point mutations and
a nonspecific (Non-Sp) probe were incubated in the absence (—) or presence (+) of 18 nM ExsAyy;, or 70 nM CTDyy;, for 15 min. Samples were
subjected to electrophoresis and phosphorimaging. Shift products 1 and 2 for each of the promoter fragments are indicated.

moter, the manner in which it binds to the P, , and P,
promoters is less clear. EMSA experiments using the P, .
promoter demonstrate that when 50% of the probe is bound,
the ratio of shift product 2 to shift product 1 is similar (P2/P1,
~1:1) for both ExsA;y;, and the CTDyy;, (Fig. 5A and B). In
addition, the Hill coefficients for binding of ExsA;;, and
CTDyy;, to the P, (1.0 = 0.1 and 1.1 * 0.1, respectively) are
nearly identical (Fig. 4C). These data suggest a lack of coop-
erative binding and indicate that the NTD has little effect on
ExsA binding to the P, promoter.

EMSA experiments using the P, , promoter probe reveal
that shift products 2 and 1 are generated at the same rate by
ExsAy;,, demonstrating a P2/P1 ratio of 1:1 (Fig. 5C and D). In
contrast, CTD,y;, preferentially generates shift product 1 fol-
lowed by delayed formation of shift product 2 at elevated
CTDyy;, concentrations (P2/P1, ~1:4). In this regard, binding
of CTDyy;, to the P, and P, promoters appears to be quite
similar. A notable difference, however, is that the Hill coeffi-
cients for binding of ExsAy;, and CTDy to the P, pro-
moter (1.1 = 0.1 and 1.2 = 0.2) are nearly identical and not
supportive of cooperativity. These findings suggest that the
mechanisms by which ExsA interacts with the P P and
P..,» promoters are different.

DNA bending at T3SS promoters is mediated by the CTD. A
previous study found that ExsA induces moderate bending of
the P, and P, promoters and more pronounced bending
of the P, promoter (4). To test whether the CTD is capable
of inducing bending, we used circular permutation assays.
These assays are based on the fact that DNA fragments with a
bend near the middle migrate more slowly in an EMSA than an
unbent fragment of the same size or fragments having a bend
near the ends (8). Promoter probes were generated by posi-
tioning the ExsA binding site from the P, P or P

exsCs + exoT>

exsCs> + exsD> exoT

promoters at regular intervals along an ~200-bp DNA frag-
ment (Fig. 6A). The probes were then incubated with CTDy;,
and subjected to EMSA. Similar to previous findings with
ExsA (4), CTDy;, induced pronounced DNA bending of the
P..,c promoter probe and slight bending of the P, (Fig. 6B)
and P, (data not shown) promoter probes. Importantly, the
probes showed no evidence of bending in the absence of Ex-
SAyy;s (4) or CTDyy;.. The degree of bending induced by CT-
Dyy; Was similar to that seen previously with ExsAy;, for each
of the promoters (4) (Fig. 6C). Based on these data, we con-
clude that the NTD and, by inference, cooperative DNA bind-
ing between ExsA monomers do not play significant roles in
DNA bending.

The NTD directly interacts with ExsD. Under noninducing
(Ca**-replete) conditions for T3SS gene expression, ExsD
binds to ExsA and inhibits transcription (28). To determine
whether transcriptional activation by the CTD is sensitive to
ExsD-dependent inhibition, the pExsA and pCTD expression
plasmids were introduced into an exs4 mutant carrying a
P..spacz transcriptional reporter. Transformants were cul-
tured under noninducing and inducing conditions for T3SS
gene expression and assayed for (-galactosidase activity. Un-
der noninducing conditions, ExsA-dependent expression of the
P..sp.1acz Teporter is inhibited due to the activity of ExsD (Fig.
7A). Activation of the reporter by the CTD, however, was
similar under both noninducing and inducing conditions for
T3SS gene expression. This finding indicates that the CTD is
insensitive to the inhibitory activity of ExsD. To further test
this idea, the strains described above were transformed with a
second plasmid expressing ExsD or a vector control. Whereas
overexpression of ExsD completely inhibited ExsA-dependent
expression of the P, ..~ reporter, activation of the reporter
by the CTD was unaffected by overexpressed ExsD (Fig. 7B).
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FIG. 4. The CTD lacks cooperative binding to the P, promoter.
(A) The P, promoter and a nonspecific (Non-Sp) DNA fragment
were incubated in the absence (lane 1) or presence of the indicated
concentrations of ExsAy;s (lanes 2 to 8) or CTDyy;, (lanes 9 to 15) for
15 min at 25°C, followed by electrophoresis and phosphorimaging.
Shift products 1 and 2 are indicated. (B) Quantitation of shift products
1 and 2 formed by ExsA,;;, and CTDyy;,. The reported values represent
the percentage of shift products 1 and 2 generated (y axis) relative to
that of the unshifted probe (A, lane 1) plotted as a function of ExsAy;
or CTDyy;, concentration (x axis). (C) Hill plots used to determine the
Hill coefficient for ExsAp;, and CTDyy;, binding to the P, P,.p, and
P, promoters. The amount of probe shifted in EMSA experiments (y
axis; log[F/1 — F]), where F equals the fraction of probe shifted) was
plotted as a function of ExsAy;, or CTDyy;, concentration (x axis;
log[ExsAyy;, or CTDyy;]). The Hill coefficients were calculated as pre-
viously described (4), and the reported values are the averages from
three independent experiments, with error bars representing the stan-
dard errors of the means.

Similar results were obtained using the P, ¢ ..z and P, ;1.
reporters (data not shown). These findings suggest that the
binding of ExsD to ExsA is mediated through the NTD. Inter-
estingly, when the strains described above were transformed
with a plasmid expressing the NTD, ExsA-dependent tran-
scription decreased approximately threefold, while CTD-de-
pendent transcription was unaffected (discussed below).

To determine if the NTD binds to ExsD, we employed co-
purification assays. Untagged ExsD was expressed alone or
coexpressed with ExsApy;, NTDyy;,, or CTDyy, in E. coli. Cell
lysates were then mixed with Talon metal-affinity resin, the
resin was washed, and bound histidine-tagged proteins were

J. BACTERIOL.

eluted. Although ExsD was present in each of the whole-cell
lysate samples, ExsD was detected only in the eluate samples
when coexpressed with either ExsAy;, or NTDyy;, (Fig. 7C).
These data indicate that the NTD of ExsA is sufficient for
binding ExsD.

The NTD has dominant negative activity. Based on the find-
ing that the NTD interacts with ExsD, we predicted that over-
expression of the NTD in a wild-type cell might deregulate
T3SS gene expression by sequestering ExsD and thereby al-
lowing chromosomally encoded ExsA to constitutively activate
transcription even under Ca**-replete conditions. To test this
idea, wild-type PA103 carrying the P, ..z reporter was
transformed with the pNTD expression plasmid and assayed
for B-galactosidase activity. Contrary to our expectations, ex-
pression of the NTD had a dominant negative effect on T3SS
gene expression irrespective of whether cells were cultured
under Ca*"-replete or Ca**-limiting conditions (Fig. 8A). Be-
cause transcription of the exsCEBA operon is autoregulated by
ExsA, it was unclear whether the dominant negative activity of
the NTD was occurring at the transcriptional or posttranscrip-
tional levels. To address this question, we generated a strain
(Pon-exscena) in which the ExsA-dependent promoter (P,,,)
driving expression of the exsCEBA operon on the chromosome
was replaced with a constitutive derivative of the lac promoter
(P.,,)- Expression of the NTD in this strain also inhibited
transcription of the P, .. reporter (data not shown), and
immunoblotting revealed that coexpression of the NTD de-
creased the steady-state expression levels of ExsA. In contrast,
coexpression of the CTD had no effect on ExsA levels (Fig.
8B). Since transcription of the exsCEBA operon in the
P.,n-exscepa Strain is independent of ExsA (data not shown),
the dominant negative activity of the NTD is likely occurring at
the posttranscriptional level. These data suggest that the NTD
interacts with full-length ExsA and affects ExsA translation
and/or stability.

We hypothesized that binding of the NTD to full-length ExsA
might inhibit DNA binding activity in vitro. In support of this,
coincubation of the NTD with ExsAy;, reduced the amount of
shift product 2 for both the P, and P,., promoter probes
compared to ExsAy;, alone (Fig. 8C, lane 2 versus lane 3 and lane
9 versus lane 10). Inhibition by NTDyy;, appears to be specific as
the activity was heat sensitive (Fig. 8C, lanes 4 and 11). If the
inhibitory effect of the NTD on generation of the shift product 2
resulted from interactions between the NTD and the amino ter-
minus of full-length ExsA, then DNA binding by the CTD should
be immune to the NTD. Two pieces of data confirm that this is
indeed the case. First, the addition of NTD,y,, does not inhibit
binding of CTDyy;, to the P, . or P, , promoters (Fig. 8C,
compare lane 5 to lane 6 and lane 12 to lane 13) but rather seems
to enhance generation of both shift products 1 and 2, and this
enhancement was heat labile (Fig. 8C, lanes 7 and 14). Second,
although expression of the NTD reduced ExsA-dependent ex-
pression of the P/, ..~ reporter approximately threefold in vivo,
there was no effect of the NTD on CTD-dependent expression of
the reporter (Fig. 7B).

DISCUSSION

AraC/XylS family members are prominent in regulatory
pathways controlling T3SS gene expression in a number of
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FIG. 5. EMSA experiments demonstrating the binding of ExsAy;; and CTDyy; to the P, and P, promoters. (A and C) EMSA experiments using
radiolabeled P, (A) or P, (C) promoter probes and a nonspecific (Non-Sp) DNA fragment. Probes were incubated in the absence (lane 1) or
presence of the indicated concentrations of ExsAyy;, (lanes 2 to 8) or CTDyy; (lanes 9 to 15) as indicated for 15 min at 25°C, followed by electrophoresis
and phosphorimaging. Shift products 1 and 2 are indicated. (B and D) Quantitation of shift products 1 and 2 from Fig. 5A (P,,,;) and Fig. 5C (P.,p)
was performed as described in legend to Fig. 4.

mammalian pathogens (5). Although few of these proteins
have been studied in detail, the best characterized share the
following properties: (i) allosteric regulation by protein ligands
rather than small molecules (9, 28-30), (ii) binding to long,

poorly defined degenerate DNA sequences (4), and (iii) a
domain structure consisting of an NTD followed by a DNA-
binding CTD. Being amenable to purification and biochemical
analyses, ExsA serves as a model system to better understand
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AraC/XylS family members involved in controlling T3SS gene
expression. In the present study, we find that the NTD is highly
stable in vitro (Fig. 2A) and can be maintained at relatively
high concentrations (>1 mg/ml) in the absence of detergent
without losing solubility (E. D. Brutinel and T. L. Yahr, un-
published data). In contrast, ExsA and the CTD are prone to
aggregation at moderate protein concentrations (>0.5 mg/ml),
and maintenance of solubility is dependent upon the presence
of detergent (0.5% Tween 20). These findings indicate that the
CTD is the primary contributor to the poor solubility of full-
length ExsA at protein concentrations >0.5 mg/ml under the
conditions tested herein.

High concentrations of ExsA (74 nM) or the CTD (280 nM)
in DNA binding assays generate shift products 1 and 2 for the
P..cs Powp, and P, promoter probes (Fig. 2B). A previous
study concluded that shift products 1 and 2 result from the
sequential binding of monomeric ExsA to binding sites 1 and 2
on the P, , promoter, respectively (4). The CTD likely inter-
acts with the P, promoter in the same manner because point
mutants within binding site 2 have little effect formation of
shift product 1, while point mutants within binding site 1 sig-
nificantly decrease binding to sites 1 and 2 (Fig. 3B). Whether
binding of the two ExsA monomers to the P, ., P...p, OT P, 1
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FIG. 7. The NTD interacts with ExsD. (A) Vector control or a
plasmid expressing either full-length ExsA or CTD was introduced into
an exsA mutant carrying the P, ..~ transcriptional reporter. Strains
were grown in the presence of arabinose (0.5%) under Ca®"-replete
(white bars) or Ca*"-limiting (hatched bars) conditions and assayed
for B-galactosidase activity. (B) The CTD is immune to inhibition by
ExsD and to the dominant negative activity of the NTD. An exsA
mutant carrying a vector control (V), pExsA, or pCTD was trans-
formed with a second plasmid [vector control, pExsD (D), or pNTD].
Cells were cultured in the presence of arabinose (0.5%) under condi-
tions permissive for T3SS gene expression and assayed for expression
of the P, 1. reporter. The reported values (Miller units) in panels
A and B are the averages from three independent experiments, and
error bars represent the standard errors of the means. (C) The NTD
directly interacts with ExsD. Cell lysates were prepared from E. coli
expressing ExsD alone (lanes 1 and 5) or coexpressing ExsD with
ExsAp;s (lanes 2 and 6), NTDyy;, (lanes 3 and 7), or CTDyy;, (lanes 4
and 8). Lysates were incubated with Talon metal-affinity resin and
washed, and bound protein was eluted with SDS-PAGE sample buffer.
The starting lysate (lanes 1 to 4) and eluate (lanes 5 to 8) samples were
subjected to SDS-PAGE and immunoblotted using antibody against
ExsA or ExsD as indicated.

promoter involves cooperative interactions has been an open
question. For the P, - promoter, we now conclude that ExsA
binding is cooperative based upon the following data. First,
titration of ExsA into DNA binding assays results in the pref-
erential accumulation of shift product 2, while the amount of
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electrophoresis and phosphorimaging.

shift product 1 remains steady (Fig. 4A). This observation
indicates that the second binding event is intimately linked to
the first binding event. Second, titrations with the CTD result
in the preferential formation of shift product 1 and a delay in
the formation of shift product 2. This suggests that the NTD
facilitates binding of a second ExsA monomer to the P,
promoter. Finally, whereas the Hill coefficient for ExsA bind-
ing to the P, promoter (2.1 = 0.3) is indicative of positive
cooperativity, the Hill coefficient for the CTD (1.2 £ 0.2) is
not. These combined data are consistent with a model in which
monomeric ExsA binds to the P, promoter and, through
interactions mediated by the NTD, recruits a second ExsA
molecule to the promoter.

Two additional pieces of data are also suggestive of a role
for the NTD in mediating dimeric interactions between ExsA
monomers. First, overexpression of the NTD results in a dom-
inant negative phenotype due to degradation of ExsA (Fig.
8B). Because the CTD is immune to NTD-dependent degra-
dation, the NTD is likely interacting with the NTD of full-
length ExsA to promote degradation. Second, the NTD inhib-
its the DNA binding activity of ExsAy;, but has no effect on

binding by the CTDyy;, (Fig. 8C). It remains unclear whether
the dominant negative activity seen for the NTD in vivo results
from degradation, inhibition of DNA binding, or a combina-
tion of both. Although these combined data suggest that ExsA
monomers are capable of interacting with one another, ExsA
purified from E. coli is largely monomeric in solution (4). We
propose that interactions between ExsA monomers are depen-
dent upon the NTD and occur minimally in solution but are
enhanced when ExsA monomers are bound to the P
promoter.

The role of cooperativity in binding of ExsA to the P,,,,,-and
P...» promoters remains poorly defined. A number of obser-
vations are suggestive of cooperative binding to the P, pro-
moter, as follows: (i) promoter mapping studies indicate that
ExsA binding to site 1 is required for occupation of site 2 (4);
(ii) mutations within binding site 1 have a significant effect on
ExsA binding to site 2, whereas mutations within binding site 2
have only a minimal effect on binding to site 1 (4); and (iii)
DNase I footprinting studies reveal no evidence of preferential
filling of binding sites 1 or 2, suggesting that occupation of site
1 results in the immediate occupation of binding site 2 (4). At

exsC
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odds with these data, however, are the findings that the NTD
has little to no effect on ExsAy;, binding to the P, . promoter
(Fig. 5A and B) and that the Hill coefficients for ExsAy;, and
CTDy;, binding are similar and not supportive of cooperativ-
ity. If binding of ExsA to the P, , promoter does not involve
cooperative interactions, however, it is difficult to envision how
mutations in binding site 1 would affect binding to site 2. Data
regarding the question of cooperative binding of ExsA to the
P...», promoter are more limited. While the Hill coefficients for
ExsAyy; and CTDyy;, binding are not supportive of cooperat-
ivity (Fig. 4C), the binding properties of ExsAy;, and CTDyy;,
differ significantly and indicate a role for the NTD in binding
to the P, promoter (Fig. 5C and D). While no solid conclu-
sions can be made from these data, it is evident that the
manner in which ExsA interacts with the P, .., P,..p, and P,
promoters is different in each case and requires further inves-
tigation.

The CTD activates transcription from T3SS promoters in
vitro; however, a fourfold-higher concentration of CTDyy;, rel-
ative to ExsAyy;, is required to yield similar levels of single-
round transcription products (Fig. 2B). This difference is in
close agreement with the approximately fourfold-reduced
binding affinity of the CTD measured by EMSA, suggesting
that the CTD contains all of the necessary determinants for
transcriptional activation and that once bound to the pro-
moter, the CTD is able to activate transcription to the same
level seen with full-length ExsA. Previous studies have re-
ported the DNA binding and transcriptional activation prop-
erties for the CTD of several AraC/XylS family members. For
AraC, which displays cooperative binding, the CTD is unable
to activate transcription of the P, ., promoter because the
CTD binds only one of the necessary half sites (aral;). The
addition of a heterologus dimerization domain to the CTD,
however, results in the occupation of both half sites (aral, and
aral,) (6). The CTD of MelR, the transcriptional activator of
the melAB operon in E. coli also binds only one half site (sites
1 and 2 but not sites 1’ and 2') and is unable to activate
transcription (19). In contrast, the CTDs of RhaS (46) and
XylS (22) constitutively activate transcription in the absence of
their respective activating ligands (L-thamnose and meta-tolu-
ate). Like RhaS and XylS, the CTD of ExsA is constitutively
active, but in this case the constitutive activity results from a
loss of interaction with the ExsD antiactivator.

The CTD induces DNA bending to a similar degree as
full-length ExsA (Fig. 6). These data suggest that bending of
the P, promoter does not result from interactions between
two promoter-bound ExsA monomers because the NTD is
required for those interactions. This conclusion is supported by
our previous observation that shift product 1, which represents
a single molecule of bound ExsA, also exhibits DNA bending
(4). The crystal structure of the AraC/XylS family protein
MarA complexed with DNA suggests a mechanism for ExsA-
induced DNA bending. MarA is a somewhat atypical member
of the AraC/XylS family in that it binds DNA as a monomer.
The two HTH motifs of MarA insert into adjacent major
grooves of the DNA and are separated by a rigid « helix. The
length of the « helix is shorter than the space between the
major grooves, and the DNA is forced to bend to accommo-
date the binding of both HTH motifs (33). Although these data
suggest how monomeric ExsA might bend DNA, the mecha-
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nism for increased bending of the promoter P, compared to
that for the promoters P,.,, and P, is unclear (4).

Our data demonstrate that ExsD binds to the NTD of ExsA
and that the NTD is required for cooperative binding to the
P..,c promoter. Although the primary determinants for DNA
binding and transcriptional activation are located within the
CTD, binding of ExsD to the NTD could sterically interfere
with CTD function or induce/prevent a conformational change
in the CTD involved in cooperativity, DNA binding, or tran-
scriptional activation. The P, promoter controls transcrip-
tion of the exsCEBA operon in an ExsA-dependent manner
and in theory could represent the sole target for ExsD-medi-
ated inhibition of T3SS gene expression. Under such a sce-
nario, ExsD might function by interfering with the cooperative
recruitment of ExsA to the P,.. promoter. Alternatively,
ExsD could have a general effect on ExsA activity, thereby
resulting in inhibition of all T3SS promoters. Potential models
accounting for a general inhibition of ExsA activity by binding
of ExsD to the NTD include (i) inhibiting the DNA binding
activity of ExsA, (ii) preventing ExsA from interacting with or
recruiting RNA polymerase, or (iii) promoting degradation of
ExsA.

ExsA and ExsD homologs are also likely involved in regu-
lation of T3SS gene expression in Vibrio parahaemolyticus,
Aeromonas spp., and Photorhabdus spp. (43). The ExsA and
ExsD homologs in V. parahaemolyticus are known to function
as an activator and inhibitor of T3SS gene expression, respec-
tively, suggesting that the functions of ExsA and ExsD might
be conserved in each of these organisms (50). Protein ligands
are also involved in regulation of other AraC/XylS family
members that regulate T3SS gene expression. The most rele-
vant is OspD1, as it functions as an antiactivator of MxiE in
Shigella flexneri (29). Neither OspD1 nor the NTD of MxiE
shares obvious sequence similarity with ExsD or the NTD of
ExsA, however, making it difficult to draw parallels between
the two systems. Future work is necessary to define the mech-
anistic basis for negative regulation by ExsD and other protein
ligands that modulate the activities of AraC/XylS family
members.
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