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Two-component signal transduction systems are widespread in bacteria and are essential regulatory mech-
anisms for many biological processes. These systems predominantly rely on a sensor kinase to phosphorylate
a response regulator for controlling activity, which is frequently transcriptional regulation. In recent years, an
increasing number of atypical response regulators have been discovered in phylogenetically diverse bacteria.
These atypical response regulators are not controlled by phosphorylation and exhibit transcriptional activity
in their wild-type form. Relatively little is known regarding the mechanisms utilized by these atypical response
regulators and the conserved characteristics of these atypical response regulators. Chlamydia spp. are medi-
cally important bacteria and encode an atypical OmpR/PhoB subfamily response regulator termed ChxR. In
this study, protein expression analysis supports that ChxR is likely exerting its effect during the middle and
late stages of the chlamydial developmental cycle, stages that include the formation of infectious elementary
bodies. In the absence of detectable phosphorylation, ChxR formed homodimers ir vitro and in vivo, similar to
a phosphorylated OmpR/PhoB subfamily response regulator. ChxR was demonstrated to bind to its own
promoter in vivo, supporting the role of ChxR as an autoactivator. Detailed analysis of the ChxR binding sites
within its own promoter revealed a conserved cis-acting motif that includes a tandem repeat sequence. ChxR
binds specifically to each of the individual sites and exhibits a relatively large spectrum of differential affinity.
Taken together, these observations support the conclusion that ChxR, in the absence of phosphorylation,
exhibits many of the characteristics of a phosphorylated (active) OmpR/PhoB subfamily response regulator.

Response regulators are essential regulatory factors of two-
component signal transduction systems. They predominantly
function as phosphorylation-activated switches to control gene
expression at the transcriptional level (16). The largest sub-
family of response regulators is the OmpR/PhoB subfamily, in
which the vast majority of homologs share a conserved phos-
phorylation-dependent transcriptional regulation mechanism
(16, 17). This subfamily of response regulators is structurally
very similar and composed of two domains: a receiver and an
effector domain (17, 19, 44, 48). Phosphorylation at an Asp
within a highly conserved active site in the receiver domain
causes reorientation of two conformational-switch residues
and relatively subtle overall changes to the receiver domain
(19). These changes promote homodimer formation between
receiver domains that is essential for controlling activity of the
effector domain.

The effector domain of response regulators binds to either
tandem or, more infrequently, inverted repeats of DNA
through a subfamily-defining winged helix-turn-helix DNA
binding motif to regulate transcription. The DNA recognition
site generally ranges from 18 to 23 bp containing a 6- to 10-bp
promoter-binding site separated by 2 to 5 bp of intervening
sequence (8, 20, 26). The target promoters of OmpR/PhoB
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subfamily members often contain multiple binding sites that
vary in their nucleotide frequency, promoter position, and rel-
ative binding affinities (26, 36). As a result, cooperativity and
differential binding are commonly incorporated as an impor-
tant component to transcriptional regulation by OmpR/PhoB
response regulators.

Atypical response regulators have recently been discovered
and described in phylogenetically diverse organisms, including
Chlamydia, Helicobacter, Myxococcus, Streptomyces, and Syn-
echococcus (2, 13, 14, 25, 28, 31, 34, 38). These atypical re-
sponse regulators do not require phosphorylation to function
as transcriptional regulators. In concert with these observa-
tions, the receiver domain active site, frequently including the
typically phosphorylated Asp, is not conserved. This and other
observations support the finding that phosphorylation-depen-
dent activation mechanisms are not utilized by atypical re-
sponse regulators (2, 25, 31, 35). Highlighting the biological
importance of these atypical response regulators to their re-
spective organism, gene disruptions of these transcription fac-
tors cause severe phenotypic defects or are requisite for growth
(5, 11, 38).

Despite their apparent importance, relatively little infor-
mation exists regarding the transcriptional regulation mech-
anisms utilized by atypical OmpR/PhoB subfamily response
regulators. Structural analysis of the atypical response reg-
ulator homolog HP1043 from H. pylori revealed that the
conformational-switch residues were oriented similar to
those in a phosphorylated (active) orientation (23). This
study also reported that recombinant HP1043 forms stable
homodimers and recognizes an inverted repeat of DNA
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sequences. In contrast, analyses of the atypical response
regulator homolog NbIR in Synechococcus demonstrated
that, unlike phosphorylated (active) response regulators,
this essential regulator existed as a monomer both in vitro
and in vivo (35). These observations suggest that atypical
OmpR/PhoB response regulator mechanisms (e.g., ho-
modimerization) are most likely similar to, but distinct from,
the canonical mechanisms.

Chlamydia are phylogenetically distinct from other bacteria
and encode an atypical response regulator termed ChxR (42,
43). ChxR is homologous to the OmpR/PhoB subfamily of
response regulators; however, none of the active site residues
and only one of the conformational switch residues is con-
served with other typical OmpR/PhoB subfamily members.
Similar to other atypical response regulators, previous studies
demonstrated that ChxR activated transcription both in vitro
and within a heterologous in vivo system (Escherichia coli) (28).
These analyses also revealed that ChxR has a direct autoreg-
ulatory role because it recognizes multiple sites within its own
promoter region and activates transcription, as do many other
atypical response regulators (2, 13).

Chlamydia infections have an immense impact on public
health and are associated with diverse disease manifestations
including atherosclerosis, blindness, and sterility (37). The
pathogenic mechanisms utilized by Chlamydia are still unde-
fined; however, the growth of these obligate intracellular bac-
teria and their ability to maintain the characteristic biphasic
developmental cycle are intrinsically linked with the immune-
mediated pathology associated with Chlamydia infections (41).
Largely due to the current absence of a system for specific
genetic manipulation in Chlamydia, relatively little is known
regarding the signals and components that regulate the chla-
mydial developmental cycle; however, transcriptional regula-
tion has a governing role in the developmental cycle (1, 6, 32).

ChxR is hypothesized to play an important role in regulating
the chlamydial developmental cycle and incorporates mecha-
nisms and exhibits properties similar to, but distinct from, the
OmpR/PhoB response regulator subfamily. The present study
was designed to begin defining the fundamental mechanisms
used by and properties of ChxR. Included is the characteriza-
tion of the cis-acting element recognized by ChxR, which is
expected to facilitate the identification of additional ChxR
gene targets and eventual assignment of a specific role for
ChxR in the developmental cycle.

MATERIALS AND METHODS

Purification of ChxR. chxR was PCR amplified using Chlamydia trachomatis
LGV (L2/484/Bu) genomic DNA and primers specific for chxR (see Table S1 in
the supplemental material) (Integrated DNA Technologies, Coralville, IA). The
resulting amplicon was digested with NdeI/Xhol, ligated into pET28b (Novagen,
San Diego, CA), and transformed into E. coli TOP10 cells (Invitrogen, Carlsbad,
CA). After sequence conformation of isogenic clones (DNA Sequencing Labo-
ratory, University of Kansas, Lawrence, KS), the plasmids were transformed into
E. coli BL21(DE3) (Invitrogen) and grown to an optical density at 600 nm of 0.7
in Luria broth containing 50 ug of kanamycin/ml. IPTG (isopropyl-B-p-thioga-
lactopyranoside) at 1 mM was added, and the cells were harvested by centrifu-
gation after overnight incubation at 15°C.

The ChxR-expressing E. coli cells were resuspended in 50 mM Tris (pH 7.0)
and 400 mM NaCl, disrupted by sonication, and subjected to centrifugation (30
min at 14,000 X g and 4°C). Residual cell debris was removed by passing the
supernatant through a 0.22-pm-pore-size filter before protein purification. ChxR
was purified by Co?*-affinity chromatography (Clontech, Mountain View, CA).
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The hexahistidine-tagged proteins bound to the metal resin were washed with 5
mM imidazole, 50 mM Tris (pH 7.0), and 400 mM NaCl before elution from the
resin with the wash buffer that contained 250 mM imidazole. Elution fractions
containing ChxR were pooled and further purified by size exclusion chromatog-
raphy.

The pooled protein mixture was applied to a Sephacryl S-200 16/60 size
exclusion column (GE Healthcare, Pittsburgh, PA) equilibrated with 50 mM Tris
(pH 7.0) and 400 mM NaCl. Fractions containing ChxR were pooled, and the
protein was determined to be >95% pure, as determined by Coomassie staining
after sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Analytical size exclusion chromatography. After size exclusion (S-200) puri-
fication, fractions containing ChxR were concentrated to 100 wM using an
Amicon Ultra centrifugal filter (3,000 molecular weight cutoff; Millipore). Equal
volumes of protein samples at 100, 10, or 1 uM were applied to a Superdex 75
10/300 GL analytical size exclusion column (GE Healthcare) equilibrated with 50
mM Tris-HCI (pH 7.5), 100 mM NaCl, and 250 mM KCI. In the same buffer, a
protein standard containing bovine serum albumin (66 kDa), chicken ovalbumin
(44 kDa), and horse myoglobin (17 kDa) (Bio-Rad, Hercules, CA) was used to
generate a standard curve.

In vitro chemical cross-linking. Purified ChxR-His, was dialyzed in cross-
linking buffer (30 mM sodium phosphate [pH 7.0] and 300 mM NaCl). ChxR was
exposed to the chemical cross-linker disuccinimidyl suberate (DSS; Pierce, Rock-
ford, IL) at 500 wM. The reactions were incubated at 25°C for 2 min and
quenched with 1 M Tris (pH 8.0). The samples were heat denatured in Laemmli
buffer, separated by SDS-PAGE, and visualized by Coomassie staining.

Time course of expression of ChxR. Mouse 1929 fibroblast cells (8 X 10°
cells/ml) were propagated in RPMI medium (Mediatech, Manassas, VA) sup-
plemented with 5% fetal bovine serum (HyClone, Logan, UT) and 50 pg of
vancomycin (MP Biomedicals, Solon, OH)/ml as previously described (39). L929
cells were infected with C. trachomatis LGV (L2/434/Bu) at a dilution that
resulted in ca. 80% of the cells infected, as visualized by immunofluorescence
microscopy at 24 h postinfection (hpi) (Microtrak, Trinity Biotech, Berkeley
Heights, NJ). At 12, 24, and 36 hpi, 1-liter, 500-ml, and 350-ml portions of cells,
respectively, were harvested by centrifugation (10 min at 1,400 X g and 15°C).
The resulting pellets were washed twice with and resuspended in Hanks balanced
salt solution (Mediatech) before being transferred to 40-ml Oakridge tubes. C.
trachomatis specimens were liberated from the host cells by gentle sonication.
The lysate was layered over 30% Renografin (Bracco Diagnostics, New Jersey)
and subjected to ultracentrifugation (10 min at 16,000 X g and 15°C). The
resulting chlamydial pellet was resuspended in phosphate-buffered saline (PBS).
The samples were subjected to SDS-PAGE, and an immunoblot assay was
performed with monospecific-polyclonal antibodies against ChxR (Proteintech,
Chicago, IL).

In vivo chemical cross-linking. Reticulate body (RB)-enriched pellets were
resuspended in PBS and exposed to 10 mM DSS (Pierce). After 20 min of
incubation at 25°C, the reaction was quenched with the addition of 50 mM Tris
(pH 8.0). The samples were subjected to SDS-PAGE, and immunoblot assays
were performed with monospecific-polyclonal antibodies against ChxR.

Immunoprecipitation of ChxR. RB-enriched fractions from 36 hpi cells were
obtained as described above. RBs were cross-linked with 1% formaldehyde, and
the reaction quenched with 250 pM glycine. After cross-linking, cells were
incubated in radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris-Cl [pH
8.0], 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140
mM NaCl, 5 mM dithiothreitol) with 15 pl of AEBSF [4-(2-aminoethyl)-ben-
zenesulfonyl fluoride; Thermofisher Scientific] for 45 min on ice. Samples were
sonicated to shear DNA and centrifuged (14,000 X g, 15 min, 24°C), and then
supernatants were removed. For immunoprecipitation, protein G-Dynabeads
(Invitrogen) were washed three times and resuspended in RIPA buffer. Portions
(10 pg) of affinity-purified anti-ChxR polyclonal antibodies were added to the
beads, followed by incubation at 4°C for 24 h with rotating. Beads were subse-
quently washed twice with RIPA buffer, and supernatants were added to the
beads. Samples were incubated at 4°C for 24 h with rotating. Beads were washed
twice with RIPA buffer before resuspension in RIPA buffer and incubated at
25°C for 2 h with rotating. The beads were again washed five times with RIPA
buffer prior to 30 wl of TE (10 mM Tris-Cl [pH 7.4], 1 mM EDTA) being added.
Samples were boiled 5 min to reverse the cross-links and centrifuged (13,000 X
g, 3 min, 25°C), and then the supernatants were collected. PCR was performed
on supernatants by using primers to the chxR promoter region or the CT863
promoter region (see Table S1 in the supplemental material). PCR products
were separated by agarose gel electrophoresis and detected by ethidium bromide
staining.

EMSASs and quantitative binding analysis. Oligonucleotides were designed to
contain each of the putative ChxR binding sites (direct repeats 1 to 6 [DR1 to
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DR6]) and at least 3 bp of the flanking sequence (see Table S1 in the supple-
mental material). Three or more base pairs of flanking sequence were shown to
result in equal maximal binding (data not shown). IR800-labeled (Eurofins
MWG Operon, Huntsville, AL) or unlabeled (Integrated DNA Technologies)
oligonucleotides were hybridized prior to use in electrophoretic gel mobility shift
assays (EMSAs). Binding reactions (20 pl) contained DNA and ChxR at their
respective concentrations, as listed in Results and were performed in triplicate.
EMSAs were performed as previously described (28), except the reactions were
incubated at 25°C for 20 min. After native PAGE, unlabeled-hybridized DNA
fragments were visualized by SYBR green (Invitrogen) staining by using an
excitation wavelength of 488 nm and an emission filter of 520 nm on a Typhoon
Trio imager (GE Healthcare). IR800-labeled DNA fragments were visualized by
using the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).
DNA was quantified by using the software program ImageQuant (GE Health-
care). The percent DNA shifted was determined by the amount of photons
emitted for the shifted DNA band relative to the total amount of photons
emitted between the shifted and nonshifted DNA bands. To measure the ChxR
binding affinity with the six DR sites, EMSAs were performed with 1 nM DR1 to
DR6 and increasing concentrations of ChxR (5 nM to 5 wM). Dissociation
constants (K,) were calculated by using nonlinear regression with GraphPad
Prism software (GraphPad Software, Inc., San Diego, CA). The dissociation
constant is the calculated protein concentration that resulted in 50% ChxR-DNA
interaction.

For the analysis of single site mutations in DR2 (see Fig. 7), each individual gel
included a ChxR binding reaction and wild-type DR2. Overall, the wild-type
DR2 DNA sequence averaged 67% of ChxR shifted DNA through 18 indepen-
dent reactions. A Student two-tailed ¢ test was used for statistical analysis of
triplicate data sets.

For the supershift analysis, binding reactions (20 ul) contained 1 nM DR2
DNA and 500 nM ChxR with or without 1 to 400 nM anti-ChxR antibody in 40
mM Tris-HCI (pH 8.0), 100 mM NaCl, 250 mM KCI, 10% glycerol, and 0.1 mM
EDTA. Triplicate reactions were then incubated, subjected to electrophoresis,
and visualized as described above.

ChxRE¥P  site-directed mutagenesis. PCR was performed using the
QuikChange II XL site-directed mutagenesis kit (Stratagene, Cedar Creek, TX)
according to the manufacturer’s instructions. The wild-type Glu at residue 49 of
ChxR (E49) was replaced with an Asp by using chxR plasmid as the reaction
template. ChxRE4*P was expressed and purified as described above for ChxR.

RESULTS

ChxR forms homodimers in vitro and in vivo. In response to
phosphorylation, homodimer formation has been shown to be
critical for OmpR/PhoB subfamily response regulators to bind
cognate DNA and activate transcription (17). Only two studies
have evaluated the ability of atypical OmpR/PhoB response
regulators to form homodimers, and the observations were
discordant (23, 35). Prior data indicated that ChxR is an atyp-
ical OmpR/PhoB response regulator, although the ability to
form homodimers was not evaluated (28). To begin under-
standing the mechanisms important for ChxR to activate tran-
scription, studies were designed to determine whether ChxR
forms homodimers and mimics that of the active conformation
of OmpR/PhoB subfamily response regulators.

During purification of recombinant ChxR protein, size ex-
clusion chromatography indicated that ChxR forms stable ho-
modimers. When a relatively high concentration of ChxR
(~100 wM) was applied to the column, a single peak of protein
eluted at the size expected (45 kDa) for a ChxR homodimer
(Fig. 1). Although the in vivo concentration of ChxR is un-
known, OmpR in E. coli has been measured to be present at
concentrations of ca. 1 to 3 uM (9). To address the possibility
that ChxR forms homodimers only at high concentrations and
not at potentially physiologic concentrations, dilutions of ChxR
were applied to size exclusion chromatography. As Fig. 1 dem-
onstrates, when the lowest concentration (1 wM) of ChxR was
applied to the column, protein was only detected at the ex-
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FIG. 1. Recombinant ChxR purifies as a stable homodimer. Puri-
fied recombinant ChxR at 1, 10, or 100 uM was subjected to analytical
size exclusion chromatography to determine the in vitro oligomeric
state of the protein. A molecular mass standard curve was generated
using bovine serum albumin (66 kDa), chicken ovalbumin (44 kDa),
and horse myoglobin (17 kDa).

pected size of the ChxR homodimer. These data support that
ChxR forms stable homodimers and that the molecular inter-
actions between the two protomers form a relatively strong
association, albeit within the testing conditions described.

While the previous data supported that recombinant ChxR
forms stable homodimers in the absence of phosphorylation, it
was unknown whether ChxR homodimerization occurs in vivo.
Given the inability to perform directed genetic studies in Chla-
mydia, membrane-permeant chemical cross-linkers were used
to obtain the most biologically relevant observations. Chemical
cross-linkers have previously been utilized to capture ho-
modimer formation by activated OmpR/PhoB subfamily re-
sponse regulators, even if only within in vitro conditions (13,
30). DSS is a cross-linker that was previously used on the
atypical response regulator HP1043 (13). DSS is a membrane-
permeant, primary amine homobifunctional cross-linker with a
short spacer arm (11.4 A). ChxR has 17 lysines in addition to
the amino terminus (primary amines) that would be expected
to serve as targets for DSS and form covalent intermolecular,
as well as intramolecular, bonds.

The ability of DSS to capture ChxR homodimers was first
tested in vitro. After incubating recombinant ChxR with DSS,
two bands of protein were evident following SDS-PAGE anal-
ysis (Fig. 2A). One band migrated at the expected size of a
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FIG. 2. ChxR forms homodimers in vivo. Recombinant ChxR
forms homodimers in vitro; however, the in vivo oligomeric state of
ChxR was unknown. (A) To determine whether the primary amine
chemical cross-linker DSS could capture ChxR homodimers, increas-
ing concentrations (2.2, 3.5, 7, 14, and 21 pM) of purified, recombinant
ChxR were incubated with 500 uM DSS. As a control, 21 pM ChxR
was not incubated with DSS. Denatured samples were separated by
SDS-PAGE and observed by Coomassie staining. (B) At 12, 24, and 36
hpi, C. trachomatis were enriched from infected L.929 cells, and the
relative amount of ChxR present was assayed by an immunoblot with
polyclonal-monospecific antibodies against ChxR (aChxR). The alpha
subunit of RNA polymerase (aRpoA) was used to normalize the
amount of chlamydial protein (ChxR) each time point. (C) To test
dimer formation in vivo, 10 mM DSS was added to uninfected host
cells (Mock) or C. trachomatis-enriched lysates at 30 hpi (Infected).
The samples were separated by SDS-PAGE, and an immunoblot was
performed with antibodies against ChxR.

ChxR monomer (~26 kDa), and another migrated at a molec-
ular mass of an expected ChxR homodimer (~50 kDa). To
address the possibility that the detected protein dimerization
was due to nonspecific protein interactions, concentrations of
ChxR were increased prior to adding DSS. While a small
amount of higher-order species were present, after increasing
the concentration of ChxR, the predominant species were still
homodimers (Fig. 2A). As an additional control for protein-
protein interaction specificity, increasing concentrations of a
typically monomeric protein, bovine serum albumin, were in-
cubated with DSS. Appreciable formation of higher complexes
was not observed (data not shown). These data suggest that the
primary amine chemical cross-linker DSS can capture ChxR
homodimers in vitro.

Prior to applying DSS to Chlamydia-infected cells to deter-
mine whether ChxR forms homodimers in vivo, it was neces-
sary to determine when ChxR is present during the develop-
mental cycle of Chlamydia. Simply described, the biphasic
developmental cycle consists of a primarily extracellular, met-
abolically inactive, and infectious form termed elementary
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body (EB) converting intracellularly into the metabolically ac-
tive, replicative, and noninfectious form RB. After numerous
rounds of RB replication, asynchronous reciprocal conversion
(RB into EB) occurs, and EBs are released to infect new cells
(24).

Prior reverse transcription-PCR data indicate that chxR is
expressed at 12 hpi and upregulated through 48 hpi (28); how-
ever, protein expression has not been determined. To ascertain
whether the protein expression pattern complements these
findings, the expression profile of ChxR in an RB-enriched
fraction of infected cell lysates from 12, 24, and 36 hpi was
determined. At 12 hpi, EBs have fully converted to RBs, and
the RBs are replicating. At 18 to 24 hpi, some RBs have begun
to convert to EBs. At 36 hpi, the inclusion occupies most of the
host cell and is composed of RBs and EBs. Immunoblot anal-
ysis of these lysates indicated that no ChxR protein was de-
tected at 12 hpi but that ChxR is evident at 24 hpi, and the
protein levels dramatically increase by 36 hpi (Fig. 2B). In
addition to providing the key times during the developmental
cycle to apply DSS, these observations also support that ChxR
is most likely exerting its functional activity during the middle
(~24-hpi) and late (>36-hpi) stages of the chlamydial devel-
opmental cycle.

Expression data indicated that studies designed to deter-
mine the homodimerization capability of ChxR should be per-
formed after 24 hpi. A fraction of C. trachomatis-infected cells
enriched for RBs was isolated at 30 hpi and incubated with
DSS. Immunoblot analyses of lysates from RB-enriched frac-
tions treated with DSS (Fig. 2C) revealed a protein profile very
similar to that in the in vitro experiment (Fig. 2A). Immuno-
reactive bands were detected near the molecular mass of a
ChxR monomer (26 kDa) and homodimer (~50 kDa). These
data support the in vitro observations and indicate that ChxR is
forming homodimers in vivo.

ChxR recognizes its own promoter in vivo. Prior in vitro
analyses have demonstrated that ChxR is a transcriptional ac-
tivator and recognizes its own promoter (28). To provide evi-
dence that ChxR is transcriptionally active in vivo, a commonly
utilized immunoprecipitation approach combined with PCR
was enlisted (46). RB-enriched fractions were treated with
formaldehyde to cross-link ChxR to DNA targets. After im-
munoprecipitation with anti-ChxR antibodies and extensive
washing, DNA was eluted and used in PCRs to determine
whether chxR promoter DNA was associated with ChxR. As
Fig. 3 indicates, PCR analysis revealed that chxR promoter
DNA was specifically associated with ChxR. The specificity of
the immunoprecipitation reaction was indicated by the pres-
ence of chxR promoter amplicons only when anti-ChxR anti-
body and cross-linker were applied (Fig. 3).

To provide further support for the specificity of ChxR-chxR
promoter DNA capture, the association of ChxR with the
promoter region of the open reading frame 863 (C7863) was
similarly analyzed. CT863 is a gene transcribed at 6 hpi, and
transcription levels are constitutively maintained throughout
the developmental cycle (6, 22, 32). Based on the expression
patterns of ChxR (Fig. 2), it would not be expected that ChxR
plays a role in regulating a constitutively expressed C7863.
Using primers for this promoter region, a PCR product rep-
resentative of CT863 promoter was not detected in any of the
immunoprecipitated ChxR-DNA samples (Fig. 3). Although
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FIG. 3. ChxR is associated with its own promoter in vivo. To de-
termine whether ChxR recognizes the cixR promoter during a chla-
mydial infection, ChxR was cross-linked to DNA, using formaldehyde,
at 36 hpi and immunoprecipitated from the lysates using antibodies
that recognize ChxR (aChxR). PCR was then performed with primers
specific for the chxR promoter. The lack of a PCR product with prim-
ers to the CT863 promoter supports that ChxR specifically recognizes
the chxR promoter in vivo. The presence (+) or absence (—) of C.
trachomatis genomic DNA (DNA) was used as PCR controls for both
promoters.

these are negative observations (lack of CT863 promoter am-
plification) from a limited sample size, these observations pro-
vide additional support to the specificity of chxR promoter
amplification from the immunoprecipitation samples. In com-
bination, these data support that ChxR recognizes its own
promoter in vivo and likely plays a key role in regulating its
own expression.

Identification of a conserved direct-repeat DNA sequence in
each of the ChxR binding sites. Homodimers of OmpR/PhoB
subfamily response regulators generally recognize a region of
DNA that ranges from 18 to 23 bp and contains a direct repeat
of DNA sequences that are critical for binding (8, 20, 26).
Alternatively, examples of DNA binding motifs that consist of
inverted repeats have been identified, including the atypical
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OmpR/PhoB response regulator HP1043 in Helicobacter pylori
(23, 47). Observations within the present study support that
ChxR exists as a homodimer and would be expected to bind to
a similar DNA repeat motif; however, the critical DNA se-
quences and configuration are undetermined.

Previously, DNase protection assays indicated that ChxR
binds to five regions within the chxR promoter, although a
consensus recognition sequence was not reported (28). To
identify a shared DNA sequence and/or motif, the DNA se-
quences within these five ChxR binding sites were visually
inspected. Within each of the five binding sites, DR sequences
(5'-T/A-T/A/C-G-A-T/A-N-T/A/C-3") separated by 3 to 5 bp
were identified (DR1 to DRS; Fig. 4B), albeit with various
degrees of conservation. Using this DNA sequence and ar-
rangement as a guide, an additional sixth site (DR6) was iden-
tified upstream of DR5 (Fig. 4A and B). A multiple sequence
alignment of all 12 individual binding sites was used to estab-
lish a consensus ChxR recognition sequence. The frequency of
nucleotides at each position in the DNA recognition sites was
calculated, and the computational program Weblogo was uti-
lized to generate a graphic that reflects the nucleotide frequen-
cies (12) (Fig. 4C). Using the nucleotide frequencies at each
position, orientation of repeat DNA sequence, and the spacer
distance, a ChxR DNA recognition motif was determined
(Fig. 4D).

ChxR binds to and exhibits differential affinity for the six
individual DR sites in the chxR promoter. Differential affinity
between individual binding sites within a single promoter has
been observed for members of the OmpR/PhoB subfamily and
is often a central component in the mechanism of regulation
(4, 7, 49). Furthermore, it has been reported that binding of a
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FIG. 4. chxR promoter region and putative ChxR binding motif. (A) The five putative binding sites (underlined and identified as DR5, DR4,
DR3, DR2, and DR1) were derived from a previously reported DNase protection assay (28). A sixth recognition site (DR6) was later identified

within the chxR promoter. Transcriptional start site and o

holoenzyme promoter element are indicated by +1 and —35/—10, respectively (28)

(B) Visual inspection of the six binding sites in the chxR promoter suggested a conserved direct repeat sequence. The two recognition motifs within
the six DR sites were aligned. (C) A consensus sequence was generated using Weblogo (12) with each half site from the sequences in Fig. 4B.
(D) The recognition sequence and linker length is listed (W = A/T, H = C/A/T, and N = G/C/A/T).
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FIG. 5. Binding of ChxR to individual DR sites. (A) To determine
whether ChxR interacts with the six recognition sites within the chxR
promoter individually, EMSAs were performed with 100 nM concen-
trations of each IR800-labeled binding site (DR1 to DR6) with (+) or
without (—) 1 uM ChxR. A DNA sequence corresponding to the —120
to —95 region of the chxR promoter was used as a nonspecific DNA
control (NC). The K, for each binding site is given in Table 1.

transcription factor to one site can dramatically affect the ca-
pability of a neighboring site to become occupied (i.e., coop-
erativity) (20). To determine the ability of ChxR to bind to
each of the DR sites independently and whether a potential
binding hierarchy exists, the binding capability of ChxR to each
of the six DNA binding sites was analyzed and measured in-
dependently. EMSAs were performed with DNA representa-
tive to each of the binding sites and ChxR (Fig. 5A and see
Table S1 in the supplemental material). ChxR was able to
interact with each site independently. In support of the spec-
ificity of ChxR to these binding sequences, ChxR did not in-
teract with an oligonucleotide that did not contain a ChxR
binding sequence (Fig. 5SA; NC). In addition, antibody super-
shifts by using affinity-purified anti-ChxR demonstrated that
the observed DNA shifts are a due to interaction with ChxR
(data not shown). The ability of ChxR to interact with DR6
affirms that the visually derived consensus sequence (Fig. 4D)
is indeed recognized by ChxR. In addition, by using a static
concentration of protein and DNA, it appeared that ChxR has
a differential affinity for the individual DR sites.

To measure the differential affinity for the six DR sites,
EMSAs were performed with increasing concentrations of
ChxR and each recognition site (data not shown). K, was then
calculated for each site (Table 1). The K, values listed are for
a ChxR/DNA stoichiometric ratio of 2:1 given that recombi-
nant ChxR is a homodimer in vitro. The quantitative analysis
revealed that ChxR had the highest affinity (K, = 43.7 = 3.9
nM) for DR2 and the lowest affinity (K, = 1457.0 = 331.0 nM)
for DR6. The affinity for DR2 is more than 33-fold higher than
that for DR6. This suggests that there is a hierarchy of binding
in the chxR promoter and that the order of binding is as
follows: DR2 > DR1 to DR3 > DR4 and DRS > DR6.

TABLE 1. Dissociation constants for ChxR and each binding site

Mean K,
(nM) + SEM*

Binding site

137.6 = 26.0
.. 43.7x39
v 1242 £27.6
o 4105 £295
.. 479.4 =738
1457.0 = 330.6

“ The mean dissociation constants and standard errors of the mean from three
replicates are shown.
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FIG. 6. Mutations within the DNA recognition motif significantly
reduce ChxR-DNA interaction. (A) The DR2 nucleotide sequence
from the chxR promoter is shown. The two consensus recognition
sequences are underlined, and the boldface nucleotides indicate the
sites of triple-cytosine mutations. (B) EMSAs were performed with
increasing concentrations of ChxR (39 nM to 3.9 uM) and 39 nM
concentrations of each DNA construct: wild-type sequence (WT),
DR2-2 mutant, DR2-1 mutant, and DR2-1/2 double mutant.

Three highly conserved bases within the ChxR binding motif
are critical to recognition. As described previously, visual in-
spection of the six DR sites revealed a conserved recognition
sequence (Fig. 4C). Based upon the nucleotide frequency in
the deduced recognition site, it is expected that the central
GAW nucleotides are critical for DNA binding. To test the
hypothesis that ChxR requires the conserved GAW nucleo-
tides for binding, EMSAs were performed with wild-type or
mutated DNA constructs from the site (DR2) in the c/xR
promoter that exhibited the highest affinity for ChxR (Fig. 6A).
Increasing concentrations of ChxR were incubated with DR2
DNA containing triple cytosine mutations at either GAW po-
sition (DR2-2, —138 to —136; or DR2-1, —126 to —124) or the
same mutations at both sites (DR2-1/2). Triple mutations at
either GAW site dramatically reduced the ability of ChxR to
bind to the DNA fragment relative to the wild-type sequence
(Fig. 6B). Mutations in DR2-2 had dramatic negative effects on
ChxR binding, although an interaction was still observed at the
highest two concentrations of ChxR (50:1 and 100:1). In con-
trast, mutations in DR2-1 almost completely abolished any
detectable interaction with ChxR (Fig. 6B). Mutations at both
ChxR monomer-binding sites eliminated any observable
ChxR-DNA interaction (Fig. 6B). These data support the hy-
pothesis that the central GAW nucleotides in both sites are
important to ChxR binding.

Single-base-pair contribution to ChxR binding to the DR2
sequence. The prior analysis supports that the central GAW in
the DR2 sequence is critical to ChxR binding. It is expected
that additional ChxR-nucleotide interactions are integral to
stabilizing the ChxR-DNA complex. To identify these individ-
ual bases and measure the effect on ChxR binding, single
transversion mutations that would result in a base pair change
(A or T<C or G, respectively) were introduced throughout the
DR2 binding site and the intervening sequence. The DR2 site
was chosen for single-base-pair contribution analysis because it
is the highest affinity binding site in the chxR promoter. The
base pair transversions were expected to disrupt both major
and minor groove interactions. As described previously in this
report, EMSAs were performed with each of the mutated DR2
DNA sequences in triplicate, and the percentage of DR2 DNA
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FIG. 7. Single-base-pair contributions to ChxR-DNA interactions
within the DR2 binding site. EMSAs were performed with 5 wM ChxR
and 50 nM DNA containing transversion mutations. The target DNA
used in the experiment was the DR2 sequence from the chxR pro-
moter, comprising the DR2 half-sites (underlined). The percentages of
DNA shifted with each transversion mutation (n = 3) are shown in the
graph relative to the DNA shifted with the wild-type sequence (n =
18). The amount of DNA shifted was quantified using the photon
emission of the SYBR green at 520 nm. The mutations that resulted in
a significant (P < 0.05) reduction of DNA-interaction are denoted by
an asterisk.

relative to wild-type DNA bound by ChxR was determined
(Fig. 7).

Nine of the single-base-pair mutations resulted in a statisti-
cally significant decrease of percent DNA shifted relative to
wild-type DR2 DNA. Of the nine single-base-pair mutations
that had a statistically significant decrease in DNA shifted, four
mutations had considerably (>20%) less DNA shifted than
wild-type DR2 DNA. The most dramatic decrease in DNA
shifting occurred when a transversion was introduced at posi-
tion —134. Position —134 is located at the 3’ end of the DR2-2
ChxR binding site and resulted in a 70% reduction in DNA
shifted relative to the wild-type DR2 sequence. Within the
predicted spacer region, at the base immediately 3’ of the
DR2-2 site, a transversion caused an ca. 50% reduction of
DNA binding by ChxR. In contrast to DR2-2, transversions at
four separate locations in DR2-1 (—124, —125, —127, and
—128) resulted in a statistically significant decrease in ChxR
binding; however, only the mutations in the central GAW
positions (—124 and —125) resulted in >20% reduction in the
percentage of DNA shifted. Together, these data support that
single-base transversions can have a negative effect on ChxR
binding to the DR2 region; however, no single mutation elim-
inated ChxR binding.

ChxR®*P retains dimerization and DNA binding activity.
Typically, members of the OmpR/PhoB response regulator
subfamily are phosphorylated through a highly conserved Asp
residue in the receiver domain of these proteins (15). This
phosphorylation facilitates the reorientation of two switch res-
idues and promotes homodimerization, DNA binding, and
transcriptional regulation. ChxR is unique in this respect be-
cause the amino acid in the predicted position of the conserved
Asp is a Glu residue (E49) (28). Many transcription factors
that are activated by a phosphorylated Asp can be converted
into a phosphoryl-independent constitutively active state via
substitution with Glu (3, 18, 27, 40). Based upon these obser-
vations, it was hypothesized that Glu 49 is critical to DNA
binding and transcriptional activity of ChxR and that conver-
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FIG. 8. ChxRE*’P retains homodimer formation and DNA binding
activity. (A) To test homodimerization, 5 pM ChxR or 6 pM
ChxR®*°P was incubated with 500 uM DSS. Proteins were separated
by SDS-PAGE and visualized by Coomassie staining. (B) To deter-
mine the DNA binding activity of ChxRE*’?, EMSAs were performed
in triplicate with 1.25 uM ChxR or 1.25 pM ChxR**’® and 50 nM
DNA from the DR2 site. The percentage of DNA shifted was quan-
tified and normalized as described previously.

sion to an Asp could render the molecule inactive. To begin
testing this hypothesis, Glu 49 was substituted with an Asp
(E49D), and the modified ChxR®*°® was assayed for ho-
modimerization and DNA binding capability.

Similar to wild-type ChxR, recombinant ChxRE*°" migrated
via size exclusion chromatography at a size expected for a
homodimer (data not shown), indicating that this modification
had a minimal effect on monomer-monomer interactions. To
test the capability of ChxR®*°" to dimerize, unmodified ChxR
or ChxRF*°P was exposed to a chemical cross-linker (DSS) to
capture homodimers prior to separation via SDS-PAGE. The
resulting observations also support that ChxRE*°P retained the
ability to form homodimers (Fig. 8A). The ability of ChxRF**P
to bind to DNA was tested via EMSA by using the DR2 site
from the chxR promoter (Fig. 8B). The percentage of DNA
shifted with ChxR®*°" was quantified and found to be very
similar to that with wild-type ChxR. These data indicate the
Glu residue (E49) in the position of the conserved Asp in other
OmpR family members does not solely account for the consti-
tutive transcriptional activity of ChxR.

DISCUSSION

Predominantly in response to phosphorylation, homodimer
formation is a governing step for the regulation of transcrip-
tion by a large majority of the OmpR/PhoB subfamily of re-
sponse regulators. Homodimerization orients and stabilizes in-
dividual protomers that promote DNA binding and subsequent
transcriptional regulation. While prior studies on atypical re-
sponse regulators support phosphorylation-independent tran-
scriptional activation, the importance of homodimer formation
is still uncertain. The data presented here demonstrated that
ChxR, in the absence of phosphorylation, forms stable ho-
modimers in vitro, even at concentrations (1 wM) that are likely
to be physiologically relevant (Fig. 1 and 2). This conclusion is
further supported by the utility of the membrane-permeant
cross-linker DSS, which showed that ChxR forms homodimers
in vivo (Fig. 2). Although it is possible that ChxR has an
alternate site of phosphorylation or undetermined modifica-
tion that promotes homodimerization within Chlamydia, prior
analyses showed that unmodified ChxR activated transcription
at its own promoter in vitro and within a heterologous E. coli
system (28). As such, it is unlikely that this unknown mecha-
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nism for phosphorylation at an alternate site or undetermined
mechanism is present in E. coli. These observations and those
described herein support that wild-type ChxR protein is in a
conformation that likely mimics the phosphoryl-activated
OmpR/PhoB response regulators, including homodimeriza-
tion.

While the conformation of ChxR may mimic that of phos-
phorylated OmpR/PhoB members, ChxR exhibits unique char-
acteristics. Substitution of the phosphorylated Asp with Glu
can render response regulators constitutively active (3, 18, 27,
40). However, the ability of ChxR to maintain a homodimer
conformation and interact with DNA is not the result of this
single substitution (D49E). Supporting this result was the re-
tention of the homodimer formation and DNA binding capa-
bility of ChxR after a Glu-to-Asp substitution (ChxRE**P; Fig.
8). These data suggest that the residues (Ser/Thr in B4 and
Phe/Tyr in B5) that are typically reoriented in response to Asp
phosphorylation might be stabilized in an “active” orientation
in unphosphorylated ChxR. Notably, ChxR does not encode a
Ser or Thr in the expected B4 strand but does encode a Tyr
(Y90) in the anticipated B5 strand. Structural studies on the
receiver domain would be useful to identify the molecular
orientations, such as that of Tyr90, and interactions that may
be critical to forming stable homodimers and eventual tran-
scriptional regulation by this atypical OmpR/PhoB response
regulator.

Alternatively, it is possible that phosphorylation of recom-
binant ChxR¥*°P in E. coli facilitated the formation of an
active ChxR molecule. This appears less likely based upon a
number of observations. First, the rate of unaided dephosphor-
ylation in OmpR/PhoB subfamily response regulators typically
occurs within seconds to an hour (45), which would suggest
that the phosphoryl group would not have been retained
throughout the purification process and storage of the protein
before the assays were conducted. Second, a cognate sensor
kinase that could phosphorylate ChxR is likely not present
given the phylogenetic distance between Chlamydia and E. coli.
Response regulator phosphorylation by cognate sensor kinases
is relatively specific, and cross talk between sensor kinases and
response regulators is limited, even within bacteria of the same
species. Third, the three-dimensional structure of the ChxR
response regulator has been solved (unpublished data), and
structural analysis does not indicate the presence of a phos-
phoryl group.

The affinities for ChxR to each of the six DR sites are lower
than those of typical OmpR/PhoB subfamily response regula-
tors. Studies with phosphorylated OmpR have determined
that, of the protein-DNA interactions measured, the DNA
affinity ranged from ca. 7 to 300 nM (21). Furthermore, DNA
interaction is greatly enhanced when multiple repeat se-
quences are present. In the present study, the affinity for ChxR
with the individual six DR sites was measured and ranged from
ca. 44 nM to 1.5 pM (Table 1), which is ~5-fold lower than
that of OmpR. It may be possible that cooperativity plays a key
role in enhancing affinity to the promoter region. As such, it is
currently unclear how the presence of multiple binding sites
influences the affinity of ChxR for DNA but is a focus of
ongoing studies.

Several individual base pair mutations were demonstrated to
have significant effects on ChxR binding to the DR2 DNA
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binding site (Fig. 7). Interestingly, only one of these mutations
(—134) resulted in a >50% reduction in ChxR binding to
DNA. The overall tolerance to single-base transversions is
likely indicative of relatively strong ChxR affinity to this par-
ticular binding site. This is supported by the observation that
ChxR has the highest binding to a DR2 DNA fragment com-
pared to the other five sites (Table 1). Furthermore, no single
mutation completely eliminated ChxR binding to the DR2
DNA sequence. This is in contrast to the triple-base-pair mu-
tation introduced into either conserved ChxR binding se-
quence that virtually eliminated all DNA binding by ChxR
(Fig. 6). Moreover, no single mutation caused a significant
increase in ChxR binding efficiency, suggesting that DR2 is
reflective of an optimal ChxR binding site.

Single-base mutations appeared to have more negative in-
fluence on DR2-1 ChxR binding site than DR2-2. Four base
mutations (—128, —127, —125, and —124) all caused statisti-
cally significant reductions in ChxR binding to DR2-1. In con-
trast, only a mutation at —134 caused a decline in DR2-2
binding, albeit the largest effect by a single mutation. These
observations indicate that affinity of ChxR to the DR2-1 wild-
type sequence is weaker, since individual base changes are not
tolerated well. This is in congruence with the apparent require-
ment for both ChxR recognition sites for a stable protein-DNA
interaction (Fig. 6). Furthermore, the dramatic negative affect
at —134 also supports that, in the context of the surrounding
sequencing, this residue is critical for ChxR binding. Interest-
ingly, single mutations that resulted in a negative effect were
not constrained to the seven bases within a conserved binding
site. Three intervening base mutations (—133, —131, and
—130) resulted in significant reductions in ChxR binding. This
suggests that protein contacts are likely occurring within this
region and playing a role in the affinity of ChxR to DNA. Of
note, the wing of the OmpR/PhoB subfamily winged-helix mo-
tif typically interacts with the DNA minor groove in a non-
base-specific fashion. In addition, these mutations could be
affecting the topology of the relatively small fragment of DNA
and disrupting ChxR interactions in the conserved sequences.
A comparison of the intervening sequence between binding
sites does not reveal any conserved nucleotide frequencies,
which suggests that the latter (DNA topology) is more likely;
however, sequence-specific interactions may be involved in
only a few of the binding sites, such as DR2. Along these lines,
a recent report has emphasized the role of DNA topology on
gene regulation in Chlamydia (10).

Based upon the ChxR DNA binding sequence (WHGA
WNH; Fig. 4), it may be expected that ChxR has a relatively
low level of DNA binding specificity. This may be insightful in
regards to the overall role of ChxR in Chlamydia. Bacterial
transcription factors that exhibit relatively low levels of speci-
ficity are consistently global regulators which are transcription
factors that regulate relatively large number of genes and in-
corporate different response conditions, coregulators, or dif-
ferent sigma factors (29). For example, OmpR has been re-
ported to regulate the transcription of at least 125 genes (33).
In contrast, local regulators, transcription factors that regulate
a relatively small number of genes associated with a specific
stimulus/physiologic response, have high levels of specificity.
The ChxR direct repeat binding sequence with a 3- to 5-base
spacer occurs at the 3203 and 3303 sites in the C. trachomatis
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serovar D and serovar L2 genomes, respectively (data not
shown). However, when the two genomes are searched with a
consensus sequence (WHGAWNW) from the three highest
affinity sites (DR1 to DR3), the number of binding sites de-
creased to 1826 and 1902 for the D and L2 genomes, respec-
tively. Further analyses are clearly needed to correlate the
ability of ChxR to recognize any of these sites for transcrip-
tional regulation. It is expected that characterizing other ChxR
binding sites will refine the ChxR recognition motif. However,
the low nucleotide conservation in the binding sequence sup-
ports the hypothesis that ChxR is a global regulator in Chla-
mydia, in contrast to a local, more restricted transcriptional
regulator.

The presence of chxR transcripts during the early stages of
the developmental cycle indicates that the previously deter-
mined ¢®® promoter (28) is active but weakly initiating tran-
scription or that posttranscriptional repression mechanisms
are used. Based upon the ability of ChxR to bind to the six sites
present in the chxR promoter, we speculate that full expression
of chxR may rely on a threshold of ChxR molecules being
attained. This threshold would require occupancy of 12 ChxR
proteins (6 homodimers) to all six binding sites within the chxR
promoter. This potential mechanism is intriguing, since the
signal for the asynchronous conversion of RB to EB is un-
known. As RBs replicate, it may be expected that the cytosolic
contents, including ChxR, are diluted and distributed un-
equally to the daughter cells. This possibility, combined with
differential replication rates of individual organisms, could per-
mit ChxR to accumulate and reach a threshold for full chxR
expression in subpopulations of Chlamydia. Many other factors
are expected to play a role in the stability of ChxR, and its
ability to form homodimers that would also affect this pro-
posed mechanism. While this mechanism is largely speculative,
future studies regarding the mechanism of ChxR activation
and identifying global ChxR gene targets are expected to ad-
dress the validity of the proposed model.
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