A JB

Journals.ASM.org

Identification and Characterization of the Functional Toxboxes in the
Vibrio cholerae Cholera Toxin Promoter

Jennifer B. Dittmer and Jeffrey H. Withey
Department of Immunology and Microbiology, Wayne State University School of Medicine, Detroit, Michigan, USA

Following the consumption of contaminated food or water by a human host, the Vibrio cholerae bacterium produces virulence
factors, including cholera toxin (CT), which directly causes voluminous diarrhea, producing cholera. A complex regulatory net-
work controls virulence gene expression and responds to various environmental signals and transcription factors. Ultimately,
ToxT, a member of the AraC/XylS transcription regulator family, is responsible for activating the transcription of the virulence
genes. ToxT-regulated promoters all contain one or more copies of the toxbox, a 13-bp DNA sequence which ToxT recognizes.
Nucleotides 2 through 7 of the toxbox sequence are well conserved and contain an invariant tract of four consecutive T nucleo-
tides, whereas the remainder of the toxbox sequence is not highly conserved other than being A/T rich. The binding of ToxT to
toxboxes is required to activate the transcription of virulence genes, and toxboxes in several virulence gene promoters have been
characterized. However, the toxboxes required for the activation of transcription from the cholera toxin promoter PctxAB have
not been identified. PctxAB contains a series of heptad repeats (GATTTTT), each of which matches the 5’ end of the toxbox con-
sensus sequence and is a potential binding site for ToxT. Using site-directed mutagenesis and high-resolution copper-phenanth-
roline footprinting, we have identified the functional toxboxes required for the ToxT activation of PctxAB. Our findings suggest

that ToxT binds to only two toxboxes within PctxAB, despite the presence of several other potential ToxT binding sites within
the promoter. Both toxboxes are essential for DNA binding and the full activation of ctxAB transcription.

‘/ibrio cholerae is a curved, Gram-negative, noninvasive bacte-
rium responsible for the severe diarrheal disease cholera. V.
cholerae is found predominately in coastal regions and is transmit-
ted to humans by the ingestion of contaminated water (12). The
resulting infection is characterized by voluminous fluid loss, lead-
ing to extreme dehydration if left untreated. Of the more than 200
V. cholerae serogroups present in the environment, only the O1
and O139 serogroups are associated with epidemic disease (34,
35). The O1 serogroup is further divided into the classical and EI
Tor biotypes based upon phenotypic differences (11, 35). The cur-
rent cholera pandemic, caused by El Tor V. cholerae strains, has
persisted since 1961 and is estimated to affect approximately 5
million people annually (11, 35).

The diarrhea characteristic of cholera is caused directly by the
secretion of cholera toxin (CT) in the upper small intestine. CT is
a classic AB; toxin, containing one active A subunit and 5 binding
B subunits, which form a pentameric ring structure (14, 38). CT
binds to the GM1 ganglioside of epithelial cells in the upper small
intestine, allowing the active subunit to be translocated into the
cells, where it is activated by proteolysis (7, 23). The resulting
active A; subunit ADP ribosylates the regulatory G protein Gas,
which results in the constitutive activity of adenylate cyclase, in-
creasing cyclic AMP (cAMP) levels within the cells and resulting in
the secretion of sodium, chloride, and water into the lumen (38).

V. cholerae virulence gene expression is controlled by a com-
plex network of transcription regulators that is historically re-
ferred to as the ToxR regulon because that protein was the first to
be discovered (27, 32). However, the direct activator of virulence
gene expression is ToxT, whose expression depends upon ToxR
(17, 18, 21). A pair of integral membrane proteins, ToxR and
TcpP, in association with their respective cofactors, ToxS and
TcpH, binds to the promoter region upstream of foxT and acti-
vates its transcription (9, 16-18, 22). Once produced, ToxT acti-
vates the transcription of the virulence genes necessary for patho-
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genesis. These virulence genes include the ctxAB genes encoding
CT, which are located within the genome of a lysogenic bacterio-
phage, CTX® (19, 22, 41-45).

ToxT is a 32-kDa member of the AraC/XylS family of proteins,
having a 100-amino-acid family domain in the C terminus that
contains two helix-turn-helix domains for DNA binding (13, 17,
40). The N-terminal 176 amino acids of ToxT form another do-
main, the ToxT N-terminal domain (NTD), which does not have
significant sequence similarity to any other proteins. However, the
ToxT NTD was proposed previously to be important for effector
binding and dimerization (6, 37, 42, 43). The ToxT crystal struc-
ture revealed some structural similarity between the ToxT NTD
and the AraC N'TD, which is responsible for the binding of AraC
to its effector, arabinose, and for AraC dimerization (26). ToxT
was monomeric in the crystals used for structural studies, and
there is significant evidence that ToxT binds DNA as a monomer
(42—-44). However, bacterial two-hybrid studies and LexA fusion
experiments revealed that the ToxT NTD is capable of dimeriza-
tion when separated from the C-terminal domain (CTD), and
ToxT dimerization after DNA binding may be important for the
transcription activation of some virulence genes (6, 33, 37). The
ToxT crystal structure also contained a buried unsaturated fatty
acid, cis-palmitoleic acid, which was proposed previously to be a
negative ToxT effector (26). The addition of unsaturated fatty
acids or bile to V. cholerae growth medium causes reductions in
virulence gene expression levels (5, 15).
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ToxT binds to 13-bp sequences called toxboxes, which are lo-
cated upstream of all the genes whose transcription is activated by
ToxT (43). Toxboxes are characterized by a well-conserved 5’
portion containing a poly(T) tract and a degenerate 3’ portion
that is generally A/T rich. In addition to having somewhat degen-
erate sequences, toxboxes also vary in configuration and location
relative to the transcriptional start site (2, 42-44). However, tox-
boxes are invariably located upstream of the —35 sequence recog-
nized by the RNA polymerase (RNAP) 0%, suggesting that ToxT
interacts with RNA polymerase a-subunit CTDs (a-CTDs) to ac-
tivate transcription (3). The different configurations of toxboxes
likely dictate various interactions with the two RNA polymerase
«-CTDs (43).

The ToxT-responsive toxboxes at V. cholerae virulence genes
have been identified at every virulence promoter except for argu-
ably the most important one, ctxAB (42—44). Previous DNase I
footprinting studies localized the ToxT binding region within Pctx
to between positions —111 and —41 relative to the transcription
start site (45). Within this region, there is a series of heptad repeats
of GATTTTT, which fits the highly conserved 5’ segment of the
toxbox consensus sequence (43). The numbers of these repeats
vary among the O1 biotypes: classical strain 0395 has 6 perfect
direct repeats, whereas most El Tor strains have 3 direct repeats. A
nested deletion analysis of the ctxAB promoter (PctxAB) deter-
mined that the region extending from the transcription start site
upstream to position —76 was sufficient for full transcriptional
activation by ToxT, correlating with the three heptad repeats
proximal to the promoter being involved in ToxT binding (45).
However, the exact binding sites remain unidentified, as there are
several potential toxboxes within this sequence.

In this study, we used a combination of site-directed mutagen-
esis and high-resolution copper-phenanthroline (CP) footprint-
ing to characterize the ToxT binding sites that control ctxAB tran-
scription. The location of the toxboxes was further confirmed by
electrophoretic mobility shift assays (EMSAs) that assessed the
effects of toxbox mutations on DNA binding by ToxT. Our results
suggest that there are two functional toxboxes located upstream of
ctxAB that are required for the control of the promoter.

MATERIALS AND METHODS

V. cholerae strains and plasmids. The strains used in this study were
Vibrio cholerae classical biotype strain 0395 and its AtoxT derivative
(JW150) (4). PctxAB:lacZ fusions for (3-galactosidase assays were con-
structed on plasmid pTL61T (25) in strain O395 and the AtoxT strain. The
strains were grown at 37°C in Luria broth (LB) medium for cultures
grown overnight or in LB adjusted to start at pH 6.5 at 30°C under induc-
ing conditions. Promoter constructs of ctxAB were constructed by using
wild-type (WT) O395 colonies as a template for PCR. All promoter con-
structs were cloned between the HindIII and Xbal sites of pTL61T (25).
The antibiotic concentrations used were 100 pg/ml ampicillin and 100
pg/ml streptomycin. Plasmid sequences were confirmed by the University
of Michigan DNA sequencing core and Genewiz. V. cholerae was trans-
formed with plasmid DNA by electroporation using a Bio-Rad Micro-
Pulser.

DNA manipulation. Plasmids were purified by using Promega Wiz-
ard Plus miniprep kits. PCR was performed by using Tag DNA polymer-
ase (Denville Scientific), as specified by the manufacturer, in an Eppen-
dorf Mastercycler gradient thermocycler. Restriction enzymes were
purchased from New England BioLabs and used as specified by the man-
ufacturer.

[3-Galactosidase assays. Vibrio cholerae strains were grown overnight
at 37°C in LB and then subcultured at a 1:40 dilution into fresh inducing
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medium and grown for 3 h at 30°C with vigorous aeration. Bacteria were
then placed on ice with the addition of 0.5 mg/ml chloramphenicol. As-
says were performed according to a procedure described previously by
Miller (29).

Protein purification. Maltose binding protein (MBP)-ToxT was pu-
rified from Escherichia coli strain JM109 with plasmid pMALC2e contain-
ing the ToxT-MBP construct. E. coli cells were grown overnight at 37°C
and then subcultured 1:40 into fresh LB and grown at 37°C until the
optical density at 600 nm (ODy,) reached 0.5. The culture was induced
for 3 h by the addition of isopropyl-B-p-thiogalactopyranoside (IPTG) to
0.25 mM. Bacterial cells were collected by centrifugation and then resus-
pended in buffer containing 20 mM Tris (pH 8.0). The cells were French
pressed, and the lysate was centrifuged at 12,000 rpm for 10 min. The
supernatant was passed over an amylose column (New England BioLabs)
by using a peristaltic pump. The column was washed with 20 mM Tris (pH
8.0) buffer three times before the protein was eluted with 20 1-ml fractions
of a solution containing 20 mM Tris (pH 8.0) and 10 mM maltose. Sam-
ples were analyzed by SDS-PAGE; eluates containing MBP-ToxT were
dialyzed against a solution containing 50 mM Na,HPO, (pH 8.0), 10 mM
Tris (pH 8.0), and 100 mM NaCl and then dialyzed again against the same
solution with 20% glycerol; and aliquots were frozen at —70°C. The pro-
tein concentration was determined by using ThermoScientific protein
assay reagent according to the manufacturer’s directions.

Electrophoretic mobility shift assays. DNA probes were produced by
PCR using plasmid templates containing the appropriate promoter frag-
ments with one unlabeled primer and one primer end labeled with y-**P
(Perkin-Elmer) by T4 polynucleotide kinase (New England BioLabs). The
assay mixtures were set up in a final volume of 30 .l with various concen-
trations of ToxT-MBP; 10 pg/ml salmon sperm DNA; 100 ng of labeled
DNA probe; and binding buffer with a final concentration of 10 mM Tris
(pH 7.4), 1 mM EDTA, 100 mM KCI, 1 mM dithiothreitol (DTT), 0.3
mg/ml bovine serum albumin (BSA), and 10% glycerol. The binding re-
action mixtures were incubated at 30°C for 30 min prior to loading into a
6% acrylamide gel at 4°C. Gels were dried and then analyzed by autora-
diography.

CP footprinting. CP footprinting was performed as previously de-
scribed (42—44). Chemical cleavage was done in gel after the separation of
free DNA and the bound ToxT-DNA complex by EMSAs. Polyhistidine-
tagged ToxT was purified as previously described (45). The ratio of ToxT
to DNA used was adjusted empirically such that approximately 50% of the
labeled DNA formed a bound complex with ToxT. The sequence ladder
was created by using a SequiTherm Excel II DNA sequencing kit (Epicen-
tre) with the same *?P-end-labeled primer used make the PCR products
for EMSAs to minimize offset reactions, according to the manufacturer’s
instructions.

RESULTS

General map of ToxT binding. We began our investigation of the
requirements for ToxT binding to PctxAB in V. cholerae by ana-
lyzing the DNA sequence. The most notable feature of PctxAB is
the presence of heptad repeat sequences of GATTTTT (Fig. 1),
which were proposed previously to be binding sites for transcrip-
tional activators such as ToxR and ToxT (4, 24, 28, 30, 39, 45). The
numbers of perfect heptad repeats differ among V. cholerae
strains: V. cholerae strains of the classical biotype typically have six
repeats, whereas V. cholerae strains of the El Tor biotype typically
have only three. The GATTTTT repeat sequence is consistent with
the 5" end of the toxbox consensus sequence illustrated in Fig. 2 by
a sequence logo (8, 36, 43). In classical strain 0395, used in all of
the experiments described here, there are six perfect heptad re-
peats, followed by one repeat having two substitutions proximal
to the promoter (Fig. 1). Therefore, several potential toxboxes
could be identified by sequence analysis, but experimentation was
required to determine which toxboxes are functional at PctxAB.
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CATATAAAACTARAARACTAAAAACTARAAACT
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CTAAAAACTAAAAACTAAAGTTTATTATGTTT
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AAATAAATGAATAAATTAACAAAACTAGTTAATAAAAAGACAATTTG

FIG 1 Map of the ctxAB promoter region. The black bar over the sequence indicates DNase I footprinting protection by ToxT (45). The ToxT binding sites
toxbox 1 and toxbox 2, determined in this study by mutagenesis and copper-1,10-phenanthroline footprinting, are illustrated by arrows. The base pair at position
—76 is boxed to indicate the endpoint of the minimal czxAB construct that is activated by ToxT. Heptad repeats are numbered underneath the sequence and are
indicated by dotted arrows; imperfect repeat 7 is indicated by a dashed arrow. The transcriptional start site is indicated by a bent arrow, and the putative —10 and

—35 promoter elements are boxed.

To pinpoint the location of the functional toxboxes within
PctxAB, we performed site-directed mutagenesis of the heptad
repeat sequences. In our initial analysis, we created two point mu-
tations within each individual heptad repeat to produce a large
effect on ToxT activity and clarify the most important repeat se-
quences. The poly(T) tract within a heptad repeat, corresponding
to the highly conserved T tract present in toxboxes, was inter-
rupted by mutating the fourth- and fifth-position nucleotides
from thymidines to cytosines. The mutant promoter constructs
were cloned into pTL61T (25), a vector containing a multicloning
site upstream of a promoterless lacZ gene, allowing us to measure
PctxAB activity in Miller units by B-galactosidase activity (29).

topA:  TATTTTTTTAATA
PA- caTTTTTTGCTGT
acfA-acfD: PATTTTTARARAT
CATTTTGTTAAAT
togp, DATTTTAAGTTAA
94" TGTTTTTTTAATG
aldA: TGTTTTTTTAAAT
opj; TATTTTCCTARAG
CP! CGTTTTAAATAGT
 TGTTTTTTTTAAT
tarA:

TATTTTTTT TAAC
 TGTTTTTTTTAAG
tarB:  prrrTTTTARCG
ct: CATTTTTGATTTT
*  GATTTCAAATAAT

toxbox: |é| I | I:!::.:¥?.

FIG 2 Alignment of ToxT binding sites. The toxbox sequences of ToxT-reg-
ulated genes are indicated. The gene names are identified on the left side, and
the consensus sequence is shown at the bottom.
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These constructs were transformed into wild-type and AtoxT
strains of classical V. cholerae strain 0395, assessed for ToxT-de-
pendent activity, and compared to the wild-type PctxAB:lacZ
construct. In addition, we included a truncated mutant promoter,
pJW211, which extends to position —76 relative to the transcrip-
tion start site and thus includes truncated heptad repeat 4 and the
promoter-proximal three perfect heptad repeats 5 to 7 (Fig. 1).
Previous studies found that constructs extending to position —76
were fully activated by ToxT but that shorter constructs were not
activated by ToxT (45), indicating that the DNA sequences re-
quired for ToxT activity are located between position —76 and the
—35box. As shown in Fig. 3, not only was the truncated promoter
that extends only to position —76 activated by ToxT, the fold
difference in transcription induced by ToxT was twice that of full-
length PctxAB, indicating that this truncated promoter is fully
functional.

The results of our double-mutagenesis experiments provided
the first evidence for the location of functional toxboxes at PctxAB
(Fig. 3). The mutagenesis of repeats 1 and 2, at positions —97 and
—96 (—97/—96) and positions —90/— 89 relative to the transcrip-
tional start site, caused no defects in ToxT-dependent transcrip-
tion, which is consistent with previous work showing that only
sequences downstream of position —76 are required for ToxT
activity (45). The mutagenesis of repeat 3 at positions —83/—82
caused decreased transcription levels with or without ToxT; how-
ever, the fold difference between the wild-type and AtoxT strains
was consistent with WT PctxAB constructs, indicating that ToxT
could still function. In contrast to these results, the mutagenesis of
repeat 4 at positions —76/—75 caused a complete loss of ToxT
activity, suggesting that this sequence may be necessary for ToxT-
dependent transcription activation. The mutagenesis of repeat 5 at
positions —69/—68 also caused a complete loss of ToxT activity.
Furthermore, the ToxT-independent transcriptional activity in
this mutant strain was twice as high as that in the WT PctxAB
strain, suggesting that this sequence may comprise part of a re-
pressor binding site or may play a structural role that is favorable
for ToxT-independent transcription when mutated. The mu-
tagenesis of repeat 6 at positions —62/—61 reduced overall tran-
scription levels but did not cause a significant defect in ToxT-
dependent transcription, suggesting that it probably does not have
a crucial role in ToxT binding. The mutagenesis of imperfect hep-
tad repeat 7 at positions —55/—54, which has substitutions at the
two 3’ nucleotides, resulted in significantly reduced ToxT activity,
suggesting that it does have an important role. Finally, a region
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FIG 3 Effects of double point mutations of heptad repeats on ctxAB transcription. 3-Galactosidase results from ctxAB:lacZ double point mutations are shown.
Results from the WT full-length promoter strain are shown at the far left. The truncated promoter extending only to position —76 is marked as pJW211. The
double point mutations are indicated in italics within the sequence. Heptad repeats are numbered and shown as dotted arrows; imperfect repeat 7 is indicated by
a dashed arrow. The black bars indicate 0395 WT toxT strains, and the gray bars indicate 0395 AtoxT strains. The fold difference in B-galactosidase activities
between the WT and AtoxT strains is labeled above each promoter. The asterisks indicate statistically significant fold differences in 3-galactosidase results
between 0395 WT toxT PctxABand 0395 AtoxT PctxAB strains according to Student’s ¢ test (P < 0.03). Each experiment was repeated a minimum of three times,
and the data shown are mean values, with the standard deviations indicated by error bars.

downstream of the heptad repeats, at positions —52/—51, was
included in the mutagenesis analysis because of its rich A/T con-
tent, similar to the somewhat degenerate 3’ portion of the consen-
sus toxbox sequence. Mutations at positions —52/—51 caused a
complete loss of activation by ToxT, suggesting that this sequence
is also necessary for ToxT activity, and therefore, this region was
further analyzed in subsequent experiments.

The above-described results indicate that the ToxT activation
of PctxAB transcription requires the region downstream of posi-
tion —76 and are consistent with previous studies of PctxAB by Yu
and DiRita (45). However, we now see that specific mutations at
positions —76/—75, —69/—68, —55/—>54,and —52/—>51 abrogate
ToxT activity. This suggests that the corresponding heptad repeats
4,5,and 7 as well as the A/T-rich region immediately downstream
of the repeats are necessary for ToxT activity.

Comprehensive site-directed mutagenesis of PctxAB. To
characterize more precisely which nucleotides are necessary for
ToxT activity within PctxAB, single point mutations were created
at each position ranging from positions —79 to —39, coinciding
with the 5’ end of repeat 4 and extending through the A/T-rich
region downstream of the heptad repeats (Fig. 1). Each A or T
nucleotide was changed to a G or C, respectively, and each G or C
was changed to an A. These mutant promoter constructs were
cloned into pTL61T and transformed into wild-type strain 0395
and its AroxT derivative. Promoter activity was measured by [3-ga-
lactosidase activity, and results are shown in Fig. 4.

This analysis identified numerous individual base pairs that are
important for ToxT activity. Any single point mutation within
heptad repeat 5 abrogated the ToxT activation of PctxAB tran-
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scription, indicating that this sequence is essential for ToxT activ-
ity. Similarly, the mutagenesis of the T tract within heptad repeat
6 also abrogated ToxT activity. Surprisingly, the single-point mu-
tagenesis of heptad repeat 4 had little effect on ToxT activity, with
the exception of positions —75 and —76, which caused decreased
ToxT activation when mutated. These results are consistent with
the double-point mutagenesis studies described above, in which
mutations at positions —76/—75 abrogated ToxT activity. How-
ever, these results also suggest that the remainder of repeat 4 is not
important for ToxT activity.

The single-point mutagenesis of imperfect heptad repeat 7 did
not cause significant defects in ToxT activity. However, the A/T-
rich region downstream of heptad repeat 7 revealed that some of
these base pairs are important for ToxT activity. Individual muta-
tions between positions —52 and —45 caused significant defects in
the ToxT-dependent transcription of PctxAB, suggesting that this
region is important for ToxT function. Mutations between posi-
tions —43 and —41 caused significant defects in both ToxT-de-
pendentand -independent transcription, indicating that these nu-
cleotides may be more important for RNAP than ToxT.

Previous work with other ToxT-activated promoters charac-
terized the toxbox as a somewhat degenerate 13-bp sequence with
a conserved poly(T) tract near the 5’ end (Fig. 2) (42—44). The
PctxAB mutagenesis experiments described here revealed a clear
region required for ToxT activity between positions —72 and
—59, comprising repeats 5 and 6, which we designate toxbox 1
(Fig. 1 [arrows], 3, and 4). Additionally, single-point mutagenesis
of the A/T-rich region downstream of the heptad repeats caused
some defects in activation, suggesting a second ToxT binding site,
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FIG 4 Effects of single point mutations on ctxAB transcription. -Galactosidase results from ctxAB::lacZ single point mutations are shown. Results for full-length
WT and truncated WT (pJW211) promoter constructs are shown at the far left. Individual mutation results correlate with the nucleotide underneath the x axis.
Heptad repeats included for mutagenesis are numbered and indicated by dotted arrows; imperfect repeat 7 is illustrated by a dashed arrow. Black bars are 0395
WT toxT strains, and white bars are 0395 AtoxT strains. The asterisks indicate statistically significant differences in 3-galactosidase results between 0395 WT
toxT PctxAB and 0395 AtoxT PctxAB strains according to Student’s ¢ test (P < 0.03).

toxbox 2, between positions —58 and —46 (Fig. 1, 3, and 4), that
apparently has less sequence specificity. Interestingly, the muta-
tion at position —53, which changes a C nucleotide to the consen-
sus toxbox T nucleotide at this position, resulted in elevated tran-
scription levels (Fig. 4).

Copper-phenanthroline footprinting of ToxT at PctxAB. To
complement our genetic analysis and confirm the locations of
ToxT binding, we performed in vitro DNA footprinting experi-
ments. Previous studies using DNase I footprinting identified a
region of ToxT protection from positions —111 to —41 upstream
of PctxAB (45). However, DNase I footprinting is problematic at
PctxAB due to the presence of numerous A tracts, which interfere
with DNase I cleavage even in the absence of bound proteins. To
achieve higher-resolution footprinting of ToxT on PctxAB, we
performed a copper-1,10-phenanthroline (CP) footprinting anal-
ysis, which generates a higher-resolution image of the base pairs
protected by ToxT. CP cleaves within the DNA minor groove, as
does DNase I, but because CP is a much smaller molecule, it is
much less sensitive to the sequence-specific narrowing of the mi-
nor groove and thus cleaves at every individual base pair. The CP
footprinting technique was previously used to characterize ToxT
binding at the tcpA, aldD, acfA, acfD, and tagA promoters (42—44).

The CP footprint of ToxT at PctxAB revealed two distinct re-
gions of protection. The upstream region encompassing toxbox 1,
spanning positions —72 to —60 and including heptad repeats 5
and 6, is very strongly protected by ToxT (Fig. 5). These data
correlate well with the results of the mutagenesis experiments de-
scribed above, suggesting that this sequence is an authentic toxbox
that is required for DNA binding and PctxAB activation by ToxT.
The second region of protection, within toxbox 2, ranges from
positions —58 to —49 (ATTTCAAAT). This region includes im-
perfect heptad repeat 7 and the A/T-rich region directly down-
stream of the heptad repeats indicated to be important for ToxT
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activity by mutagenesis studies (Fig. 3 and 4). In general, the pro-
tection of this region was much weaker than the protection ob-
served at toxbox 1. In particular, positions —51 and —52 were
found to be important for ToxT activity and are somewhat pro-
tected in the CP footprint (Fig. 5, dots). Similarly, position —48,
which is important for ToxT activity, is weakly protected in the

ToxT
+DNA

DNA
alone

FIG 5 CP footprinting of ToxT on PctxAB. Toxbox 1 and toxbox 2 are indi-
cated by solid arrows with the correlating numerical position from the tran-
scriptional start site. “C,” “T,” “A,” and “G” at the top left refer to the nucle-
otide lanes of the sequencing ladder. The dotted arrows and numbers to the left
show the locations of the GATTTTT repeats, and the solid arrow indicates the
position of the vector. The solid lines and black dots to the right of the toxboxes
indicate the locations of ToxT-dependent transcriptional defects identified in
the single-point-mutagenesis experiments. This footprint was created by using
the pJW211 construct, which extends to position —76.
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FIG 6 ToxT binding to wild-type and mutant PctxAB constructs. Electrophoretic mobility shift assays (EMSAs) were carried out with each mutant PctxAB
construct, as indicated below the right panel of each EMSA. Lane 1 of each gel is the free probe with no ToxT present. ToxT-MBP concentrations increase across
the gel from left to right, as indicated by the black triangle. The ToxT-MBP concentrations used for each EMSA are 2.3 nM, 4.6 nM, 6.9 nM, 9.2 nM, 11.5 nM,

and 13.8 nM.

footprint. However, in general, the footprinting of toxbox 2 is
significantly weaker than that of toxbox 1. Although it is possible
that ToxT binding to the major groove of toxbox 2 does not pro-
tect the minor groove, the weaker footprint is more likely due to
weaker ToxT binding. These CP footprinting experiments were
performed with both full-length PctxAB, which includes all seven
heptad repeats, and the truncated promoter pJW211, and the re-
sults were essentially identical for both constructs (data not
shown). Figure 5 shows the results for pfJW211, which includes the
PctxAB sequence to position —76 from the transcriptional start
site and is comprised of the T tract of repeat 4 as well as repeats
5to7.

These results suggest that PctxAB contains two toxboxes, both
of which are generally consistent with the previously described
toxbox consensus sequence. The PctxAB toxboxes are also consis-
tent with other ToxT-activated virulence genes in both number
and relative distance from the transcriptional start site (42—44).

ToxT binding to wild-type and mutant PctxAB constructs.
The genetic and biochemical analyses described above narrowed
down the region of ToxT binding to two specific binding sites that
are consistent with the toxbox consensus sequence. However, the
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footprinting experiments showed a relatively weak protection of
toxbox 2, calling into question whether it is truly a ToxT binding
site or instead a region possibly important for contact between
RNA polymerase and ToxT. To confirm that mutations of these
designated toxboxes cause defects in DNA binding by ToxT, we
performed EMSAs using DNA probes that contain the double
point mutations created for the general mapping of ToxT binding
(Fig. 3). ToxT binding to DNA was compared between wild-type
PctxAB and the mutant promoter sequences (Fig. 6). In these ex-
periments, the first lane of each gel contained a DNA probe only,
and the subsequent lanes from left to right had increasing
amounts of ToxT. As the ToxT concentration was increased in
combination with the wild-type probe, two different shifted spe-
cies were observed. This observation is consistent with one ToxT
monomer occupying one toxbox at a lower ToxT concentration
([ToxT]) and then a second ToxT monomer occupying the sec-
ond toxbox at a higher [ToxT], producing the slower-migrating
species. In contrast, the mutant promoter sequences shown in Fig.
6A to D did not produce the slower-migrating band, even at the
highest [ToxT], suggesting that only the nonmutated toxbox
could be occupied. This result is evident with all the mutants that
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alter one of the two toxboxes that we identified by mutational
analysis, verifying their importance for ToxT binding.

To confirm that the abrogation of ToxT binding to toxboxes is
specific to mutations within the identified toxboxes, we analyzed
ToxT binding to a probe with mutations at positions —76/—75.
These mutations are located within heptad repeat 4 upstream of
toxbox 1 and caused a defect in ToxT-dependent transcription
activation in [3-galactosidase assays (Fig. 3). However, when re-
sults of EMSAs of the —76/—75 mutant probe were compared to
the results of EMSAs of the wild-type probe, no difference was
evident, suggesting that the defects in transcription activation
caused by the —76/—75 mutations are perhaps due to other fac-
tors, such as a reduced RNA polymerase interaction with DNA,
and not the result of decreased ToxT binding.

The above-described results are consistent with our designa-
tion of two toxboxes within PctxAB being correct. To test our
hypothesis that the disruption of both toxboxes would eliminate
ToxT binding, we performed EMSAs using probes with both tox-
boxes mutated, at positions —69/—68 and —55/—54 (Fig. 6F). A
very weak shifted band was observed in these experiments, which
did not significantly increase in intensity as the [ToxT] was in-
creased. These results suggest that ToxT is unable to bind specifi-
cally to a probe having mutations in both toxboxes even at higher
ToxT concentrations. This in vitro result is supported by in vivo
B-galactosidase assays with the PctxAB:lacZ construct containing
the double toxbox mutations in the WT and AtoxT 0395 back-
grounds, which produced 1,776 * 22.79 and 1,755 = 89.35 Miller
units of activity, respectively.

DISCUSSION

The experiments described here were designed to characterize the
DNA sequence requirements for ToxT to activate the transcrip-
tion of ctxAB, resulting in the production of CT and, subse-
quently, diarrhea in cholera patients. Previous studies character-
ized the ToxT binding sites, or toxboxes, at several other known
ToxT-activated promoters, but detailed information about the
functional toxboxes at ctxAB, arguably the most important viru-
lence locus in V. cholerae, remained lacking (Fig. 2) (42—44). The
presence of GATTTTT heptad repeat sequences, each of which
resembles the conserved 5’ portion of a toxbox (43), made the
identification of the functional ToxT binding sites impossible
without further experimentation. Double and single point muta-
tions were made within the GATTTTT heptad repeats to identify
which of the seven repeats within the classical V. cholerae ctxAB
promoter are vital for transcription activation, and these results
were verified by CP footprinting experiments and EMSAs using
purified DNA and ToxT.

Double point mutations of heptad repeats 4, 5, 6, and 7, as well
as the A/T-rich region downstream of the repeats, caused severe
defects in ToxT-dependent transcriptional activity, strongly sug-
gesting that these sequences are important for ToxT binding. In
addition to abrogating the ToxT activation of ctxAB, the muta-
tions of repeat 5 also increased ToxT-independent transcription
levels. This result could be due to the disruption of an H-NS bind-
ing site previously identified by Stonehouse et al. (39), which
would prevent the repression of ctxAB expression by H-NS. H-NS
preferentially binds to A/T-rich regions such as this one, which
cause DNA to be intrinsically curved, and the interruption of this
stretch of nucleotides with a G or C may prevent H-NS from
binding at nucleation sites and oligomerizing along the DNA (10,
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31). Another possible explanation is that altering the DNA curva-
ture may enhance the interaction of RNA polymerase with the
promoter region, diminishing the requirement for ToxT to acti-
vate transcription. The difference in DNA curvature may also ex-
plain the decreased expression levels observed when heptad repeat
3 was mutated. In this case, the overall magnitude of transcription
decreased, but the fold difference in expression levels between the
wild-type and AtoxT strains was similar to that of wild-type
PctxAB constructs, indicating that ToxT activity was not affected
by the mutations.

The DNA sequence requirements for ToxT activity at ctxAB
were determined at a higher resolution by using ctxAB::lacZ con-
structs with single point mutations in the region between posi-
tions —79 and —39. Individual point mutations within a region
spanning positions —72 to —59 caused severe defects in ToxT-
dependent activity, with the exception of positions —65 and —64.
This 13-bp sequence, which we designated toxbox 1, is consistent
with previously characterized ToxT binding sites in both sequence
and proximity to the transcriptional start site (2, 42—44). Interest-
ingly, there are no single point mutations within toxbox 1 that
significantly increased ToxT-independent activity, unlike the
double point mutation within heptad repeat 5. This finding sug-
gests that a single nucleotide change from a thymidine to a cyto-
sine is not enough to enhance ToxT-independent transcription by
whatever mechanism is responsible for this effect. However, this
does not rule out the possibility that mutations of nucleotides
other than cytosine may be sufficient to enhance ToxT-indepen-
dent transcription.

Unlike the mutations that led us to identify toxbox 1, the single
point mutations that led us to identify toxbox 2 did not reveal such
an obvious contiguous region important for ToxT binding. Only
four mutations, at positions —53, —52, —51, and —48, caused
statistically significant decreases in levels of ToxT-dependent
transcription. This difference between the two toxboxes and ToxT
sequence requirements can be visualized with the CP footprinting
experiments. These results indicate two separate regions of DNA
protection by ToxT: positions —72 to —60 (toxbox 1) and posi-
tions —58 to —49 (toxbox 2). These regions strongly correlate
with the results from the mutagenesis experiments. Based on the
strong correlation between the footprinting and mutagenesis re-
sults, we specify toxbox 2 as spanning the region between posi-
tions —58 and —46. This is consistent with some other ToxT-
activated promoters in which toxboxes most proximal to the —35
promoter element are less specific in their sequence requirements
than toxboxes located distally (42—44). Furthermore, the orienta-
tion and position of this toxbox most closely resembles that of the
single toxbox at the aldA promoter, which produces relatively
weak activation (41).

The sequences of each of the toxboxes identified within PctxAB
fit the consensus sequence, although toxbox 2 has a variation at
position 6, which is part of the conserved T tract in every other
toxbox (43). This change from T to C in toxbox 2 could explain the
weaker protection in footprinting experiments, and it is notable
that the mutation of that position to the consensus T resulted in
higher transcription levels.

The designation of the functional toxboxes was confirmed by
EMSAs that compared ToxT binding to wild-type or double point
mutant PctxAB DNA probes. Mutations that are within the iden-
tified toxboxes visibly altered ToxT binding compared to that of
WT PctxAB. The absence of the second, slower-migrating ToxT-
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bound species suggests that ToxT could occupy only the nonmu-
tated toxbox and is unable to bind to the mutated toxbox, sup-
porting the in vivo transcriptional activation experiments with the
PctxAB double point mutants. Additionally, double point muta-
tions within both toxboxes resulted in the complete abrogation of
ToxT binding and transcription activation in vivo, as expected.
The EMSA results also support the hypothesis that mutations
within heptad repeat 4 do not disrupt the ToxT binding region, as
suggested by the results shown in Fig. 3. Instead, this region of
PctxAB may be important for the interaction of ToxT bound to
toxbox 1 with the a-CTDs of RNA polymerase, and the mutations
negatively affected this interaction, resulting in lower levels of
transcription activation in the presence of ToxT. One other obser-
vation from the EMSAs is that binding to a single DNA fragment
by a second ToxT monomer, producing the higher complex, oc-
curs at a relatively low [ToxT], with substantial amounts of free
DNA remaining in the reaction mixture. This finding suggests that
ToxT binding to PctxAB may be cooperative. The role of ToxT
dimerization in DNA binding remains unclear, as monomers are
clearly able to bind to individual toxboxes (42, 43), and most ToxT
is monomeric in solution (M. Bellair and J. H. Withey, unpub-
lished data). However, these results suggest that after the initial
binding to one toxbox by a ToxT monomer, binding to the second
toxbox may be enhanced, potentially by ToxT dimerization.

The PctxAB toxboxes are located upstream of the —35 pro-
moter element, classifying it as a class I promoter (3). This is also
the case for the toxboxes identified in every other ToxT-activated
promoter that has been characterized (42—44). Class I promoters
require an interaction between the activator protein and the
a-CTD of RNAP for transcriptional activation (3). Because two
toxboxes were identified within PctxAB, we hypothesize that there
is a specific interaction between two ToxT monomers and two
a-CTDs. Our previously described ToxT and a-CTD interaction
models proposed that when two toxboxes are present, there are
two distinct points of interaction between individual ToxT mono-
mers and the a-CTD (43). An alternative hypothesis is that one
ToxT monomer contacts RNA polymerase and that the other
ToxT monomer stabilizes this interaction, possibly by ToxT
dimerization. The mutagenesis experiments illustrated that the
mutation of one toxbox, particularly toxbox 1, is sufficient to de-
crease the overall level of transcription, suggesting that ToxT must
occupy both toxboxes for full activation. The weak protection
conferred by ToxT to toxbox 2 raises the possibility that the inter-
action with the a-CTD may be important for enhanced binding to
this sequence by ToxT. Another possible explanation for the weak
footprint observed at toxbox 2 is that a positive ToxT effector,
such as bicarbonate, is required to increase the binding specificity
(1); future experiments will determine if either of these possibili-
ties is indeed the case.

In this study, we focused on V. cholerae classical biotype strain
0395, which contains six perfect GATTTTT repeats and one im-
perfect repeat. However, other strains possess various numbers of
repeats. El Tor biotype strains generally contain only three of the
heptad repeats but otherwise retain the same DNA sequence as
that of classical strain 0395 at PctxAB. The absence of the distal
heptad repeats does not negatively impact ToxT-activated tran-
scription, as the toxboxes that we identified in O395 encompass
the heptad repeats that are most proximal to the transcriptional
start site and would be included in the El Tor promoter region.
ToxT was also not observed to bind to the distal heptad repeats in
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the footprinting experiments (data not shown). The significance
of the distal heptad repeats in V. cholerae strains of the classical
biotype is still unclear, but they may play a role in H-NS binding,
may contribute to the curvature of the DNA, or could be impor-
tant for the ToxR-mediated activation of PctxAB in the presence of
bile, which was observed only for strains of the classical biotype
(20).

In summary, we have characterized the specific sequence re-
quirements for binding to PctxAB and transcription activation by
ToxT. The DNA sequences of the identified toxboxes are consis-
tent with the consensus toxbox in that they are degenerate but
contain the 5" poly(T) tracts common among all known ToxT
DNA binding sites (42—44). The toxboxes in PctxAB are also con-
sistent with other ToxT-activated promoters in their positioning
relative to the transcriptional start site (2, 42—44). Although ToxT
is a flexible transcription activator in regard to sequence require-
ments, configuration, and the number of binding sites, it has spe-
cific requirements for the activation of PctxAB, and a single mu-
tation within one the two toxboxes is enough to severely decrease
transcription activation by ToxT.
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