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(Background: Reactive chlorine compounds are important natural antimicrobials produced by the immune system.
Results: Reactive chlorine treatment leads to RcIR cysteine oxidation, activation of DNA binding, and expression of RcIR-

Conclusion: RclR is a transcriptional activator that responds specifically to reactive chlorine.
Significance: Understanding reactive chlorine responses is important for understanding interactions between bacteria and the

N
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Reactive chlorine species (RCS) such as hypochlorous acid are
powerful antimicrobial oxidants. Used extensively for disinfec-
tion in household and industrial settings (i.e. as bleach), RCS are
also naturally generated in high quantities during the innate
immune response. Bacterial responses to RCS are complex and
differ substantially from the well characterized responses to
other physiologically relevant oxidants, like peroxide or super-
oxide. Several RCS-sensitive transcription factors have been
identified in bacteria, but most of them respond to multiple
stressors whose damaging effects overlap with those of RCS,
including reactive oxygen species and electrophiles. We have
now used iz vivo genetic and in vitro biochemical methods to
identify and demonstrate that Escherichia coli RcIR (formerly
YkgD) is a redox-regulated transcriptional activator of the AraC
family, whose highly conserved cysteine residues are specifically
sensitive to oxidation by RCS. Oxidation of these cysteines leads
to strong, highly specific activation of expression of genes
required for survival of RCS stress. These results demonstrate
the existence of a widely conserved bacterial regulon devoted
specifically to RCS resistance.

Reactive chlorine species (RCS),® including hypochlorous
acid (HOCI) and chloramines, are powerful antimicrobial oxi-
dants capable of chlorinating and oxidizing a wide range of
biomolecules (1-3). RCS, such as those present in bleach, are
important disinfectants in human medical, industrial, and
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household settings (4, 5). Moreover, they are major bactericidal
components of the oxidative burst of neutrophils (3, 6, 7) and
are implicated in controlling bacterial colonization of epithelial
surfaces (8 —10). There is now also increasing evidence that pro-
duction of RCS is a common strategy among diverse eukaryotes
for controlling bacterial populations (11, 12). Understanding
how bacteria sense and respond to RCS is therefore important
for understanding the interactions between bacteria and their
eukaryotic hosts, with obvious implications for the study of
human health and disease.

Bacterial responses to reactive oxygen species (ROS), such as
hydrogen peroxide (H,O,) or superoxide (O3), have been stud-
ied extensively (reviewed recently in Refs. 13-16). It is known
that these responses depend on select transcription factors (e.g.
OxyR, SoxR, PerR), which are able to specifically sense partic-
ular oxidants, often through the oxidation state of conserved
cysteine residues. These regulators control the expression of
genes that contribute directly to ROS detoxification or to the
repair of ROS-mediated damage. The ability of redox-sensitive
regulators to distinguish among different oxidants is a key fac-
tor in redox signaling (17).

Recent studies have identified several bacterial transcription
factors that respond to RCS treatment. These include the Esch-
erichia coli transcription factors HypT and NemR and the
Bacillus subtilis transcription factors OhrR and HypR (18 -21).
Interestingly, whereas HypT is so far only known to respond to
HOCI (19, 22), the other RCS-sensing transcription factors
respond to a variety of other stress signals, including cysteine-
modifying electrophiles (20, 21, 23) and organic hydroperoxides
(18, 24). In contrast to ROS and toxic electrophiles, which have a
more limited set of cellular targets (25-27), RCS are capable of
damaging proteins, DNA, lipids, and most other cellular compo-
nents (1-3). It therefore appears that to successfully combat RCS,
organisms require a multifaceted stress response system, regulated
by a diverse set of redox-sensitive regulators.

Here we report the discovery of RcIR (formerly known as
YkgD), a highly RCS-specific transcriptional activator in E. coli.
In vivo and in vitro studies demonstrate that RcIR relies on the
reversible oxidation of conserved redox-sensitive cysteine res-
idues to control the expression of three genes essential for bac-

VOLUME 288+NUMBER 45-NOVEMBER 8, 2013



RcIR Is a Reactive Chlorine-specific Activator

TABLE 1

Primers used in this study
Primer Sequence
(1] 5'-TAC TAA GAT TGT TGG TGT TTG TAA TCA AAA ACC ACT CAG GAG TCT GAT ATG GTG TAG GCT GGA GCT GCT TC-3’
2 5'-AAC TCC CGG AAT GCG GAT TAT CTT TGC CCT GAT TTC TGG CGG TTT TAT TCA CAT ATG AAT ATC CTC CTT AG-3’
3 5'-CGT CTA TAG TCA TGA TGT CAA ATG AAC GCG TTT CGA CAG GAA ATC ATC ATG GTG TAG GCT GGA GCT GCT TC-3’
(4 5'-CTT TTC TCT GAG ACG CCA GAA TAT TTG TTC TGG CGT CTG ATT TTG AGT TTA CAT ATG AAT ATC CTC CTT AG-3’

]
]
]
[5] 5'-TCT CTG TTA CTC TAT AAC TTC TTA ATC ACT TCA
]
]
]
1

TTG ATG GTA TTT TAT ATG GTG TAG GCT GGA GCT GCT TC-3'

[6 5'-TAT CTC CCC GAC TTA ACA GGT GCA GGT ATT TTT CCA TTG TGA ACA TCC TTA CAT ATG AAT ATC CTC CTT AG-3’
[7 5'-TAA TAA TTC AAC CGC AAC AGC AGT ATT GTA TAA ATA AGG ATG TTC ACA ATG GTG TAG GCT GGA GCT GCT TC-3'
[8 5'-AGG GGG CCT GAC GCC TGA AAA AGT GAA CAA CAG ACA GTG TTC GGA TTA TCA CAT ATG AAT ATC CTC CTT AG-3’
[9 5'-TTC GAA TTC AGG AGT CTG ATA TGG ATG CCC-3’

[10] 5'-CTT AAG CTT TCA GGG TGC AAG CTG TCT GA-3'

[11] 5'-GAA CGA TCG ATA AGA ATG CGG TGT TAG GAA GTG ACT GG-3'

[12] 5'-CGA CCT GTA TTG TCG CGG GCA CTC TTC GGT TG-3'

[13] 5'-GAA TTA TCG GTT ATT CGT TGG GCG GCG TTA ACG CAA GGA GCG GC-3'

[14] 5'-CCA CAA AAT TCA GCT GCG CGC CTG AGT CAT GTC G-3'

[15] 5'-CAC GAT TGA TAA AAA CGC GGT CCT GGG TTC TGA CTG-3'

[16] 5'-GAA TCC ACC TGC ATT GTT GCG GGT ACG CTG CGT CTG CAA C-3'

[17] 5'-ACT GAG CGT TAT TCG TTG GGC GGC ACT GAC CCA GGG TGC A-3’

[18] 5'-AGA ATA GTG CGG CGC GCC TGT CCC ACG TGG ATA A-3'

[19] 5'-AAG AAC TTA CCT GGT CTT GAC ATC-3'

[20] 5'-CAG TTT ATC ACT GGC AGT CTC CTT-3'

[21] 5'-AAA AAC ATT CTC AGT TTG CTT CTG C-3'

[22] 5'-CGC TAT TTG TAG ACG CAA CTT TGT T-3'

[23] 5'-AGG GTT GGT ATG ACA GAA GAA CAA G-3'

[24] 5'-TAT ATT GAT CAT CTC GTG GGA GTC A-3'

[25] 5'-CAC TAT TAT CTG GCG TTA TGG CAT T-3'

[26] 5'-TAT ACA ATA CTG CTG TTG CGG TTG-3'

[27] 5'-TCT TTT ATG AAC ACC CGG AAG ACT A-3'

[28] 5'-ATC AGT CCT CCC AAT AAA CCT AAC C-3'

[29] 5'-GGT CCT TCT ATC ACT ACT TTC GCT CT-3'

[30] 5'-GTT TTA CTG TCA GGC AAC CAC TGA T-3'

[31] 5'-GAT GAT TTC CTG TCG AAA CGC-3'

[32] 5'-ATC AGA CTC CTG AGT GGT TTT TG-3'

terial survival of reactive chlorine stress (rclA, rclB, and rclIC;
formerly ykgC, ykgl, and ykgB, respectively). Deletion of any
one of these genes, whose RCS-mediated transcriptional up-
regulation is among the most pronounced in E. coli, dramat-
ically increases RCS stress sensitivity. These results suggest
that we have identified an important member of the RCS
stress response system in bacteria.

EXPERIMENTAL PROCEDURES

Sequence Analysis and Primer Design—Gene and protein
sequences were obtained from the Integrated Microbial Genomes
database (28). Custom Python scripts employing the Biopython
1.57 toolkit (29) were used to search for and sort RcIR homologs
from the National Center for Biotechnology Information data-
bases. Sequence alignments were performed using MUSCLE
3.8 (30), and sequence logos were generated using WebLogo
3.1. Mutagenic primers were designed with PrimerX, qRT-PCR
primers were designed with Primer3 0.4.0, and PCR and
sequencing primers were designed with Web Primer. All prim-
ers used in this study are listed in Table 1.

Bacterial Strains and Growth Conditions—All strains and
plasmids used in this study are listed in Table 2. DNA manipu-
lations were carried out by standard methods (31) in E. coli XL1
Blue (Stratagene), and the identity of all constructs was con-
firmed by sequencing (GENEWIZ, Inc.). E. coli was grown in
lysogenic broth (LB; Fisher) (32) or MOPS minimal medium
(Teknova, Inc.) containing 0.2% glucose, 1.32 mm K,HPO,, and
10 uM thiamine with ampicillin (100 ug ml™") or chloramphen-
icol (12.5 wg ml™ ") as indicated. Chemicals were from Fisher or
Sigma-Aldrich. N-Chlorotaurine was synthesized before each
use (33). Null mutations in E. coli MG1655 (F~, A~ , rph-1ilvG™
rfb-50) (34) were constructed by replacement of genes with
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chloramphenicol resistance cassettes and subsequent resolu-
tion to yield in-frame deletions, as described previously (35),
using the following primers (Table 1): rc/R, [1] and [2]; rclA, [3]
and [4]; rcIB, [5] and [6]; rcIC, [7] and [8].

Plasmid Construction—The rclR coding sequence plus 11 bp
of 5'-sequence was amplified from E. coli MG1655 genomic
DNA with primers [9] and [10] (Table 1) and cloned into the
EcoRI and HindIII sites of plasmid pBAD30 (36) to yield
plasmid pRCLR1. The QuikChange site-directed mutagene-
sis kit (Stratagene), modified to use only a single primer and
35 cycles of amplification, was used to mutate pRCLR1 with
primers [11], [12], [13], or [14] to yield plasmids pRCLRS,
pRCLRY, pRCLR14, and pRCLR15, containing rc/R alleles
encoding RcIR“*'*, RcIR“**4, RcIR™?4, and RcIR™7%4,
respectively. The same method was used to mutate pRCLR8
with primer [12], yielding plasmid pRCLR12, containing an
rcR allele encoding RcIRE>1A-C894,

For purification of RcIR wild-type and mutant proteins, the
rcIR sequence was codon-optimized for expression in E. coli
(GenScript, Inc.), yielding an rcIR°P* allele encoding the wild-
type RcIR amino acid sequence. The rc/R°P" allele was then
cloned into the Ndel and BamHI sites of plasmid pET-15b
(Novagen) to yield plasmid pRCLR7. The QuikChange site-
directed mutagenesis kit (Stratagene), modified to use only a
single primer and 35 cycles of amplification, was used to
mutate pPRCLR7 with primer [15], [16], [17], or [18] to yield
plasmid pRCLR10, pRCLR11, pRCLR16, or pRCLR17. These
plasmids contained rcIR°P" alleles encoding RcIR*'#,
RcIR“®4, RcIR™24A, and RcIRM™7%4, respectively.

HOCI Survival Assays—HOCI survival assays were per-
formed as described previously (20).
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TABLE 2
Strains and plasmids used in this study

Unless otherwise indicated, all strains and plasmids were generated in the course of this work. Tc¥, tetracycline resistance; Nx®, nalidixic acid resistance; Cm®, chloram-

phenicol resistance; Ap®, ampicillin resistance.

Strain name Marker(s) Relevant genotype Source
E. coli strains
XL1-Blue Tc® Nx® endAl gyrA96(nal®) thi-1 recAl relAl lac glnV44 F'[:Tnl0(tet*) proAB™ lacl, A(lacZ)M15] hsdR17(r~ my ") Stratagene
BL21(DE3) F~, ompT gal dem lon hsdSB (ry~ my~) A (DE3 [lacl lacUV5-T7 gene 1 ind1 sam?7 nin5]) Novagen
MG1655 F, A, rph-1ilvG™ rfb-50 (34)
MJG013 Cm® F~, A7, rph-1ilvG™ rfb-50 rclC:cat™
MJGO014 Cm® F, A7, rph-1ilvG™ rfb-50 rclAzcat™
MJGO015 Cm® F~, A7, rph-1ilvG™ rfb-50 rclR:cat™*
MJGO016 CmR F~, A", rph-1ilvG™ rfb-50 rclB:cat™
MJG043 F~, A, rph-1ilvG™ rfb-50 AnemR (20)
MJG045 F~, A, rph-1ilvG™ rfb-50 ArclC
MJG046 F~, A, rph-1ilvG™ rfb-50 ArclA
MJG047 E™, A", rph-1ilvG™ rfb-50 ArclB
MJG059 F~, A7, rph-1ilvG™ rfb-50 ArclR
Plasmids
pET-15b Ap*® N-terminal His, tag Novagen
gﬁéﬁ"ﬁ) igi ECB[ ?{D* arabinose-inducible promoter (36)
pRCLR7 Ap® rclROPY
pRCLRS Ap® rclRTO1SGO2GC63G (encoding RIRE4)
PRCLR9 APR rClRTZGSG,(3266(:,(:267(—} (encoding RCIRCSQA)
pRCLR10 Ap® rclR"P"(TGlG'GSZC'T‘“G) (encoding RcIR“*'4)
pRCLRll ApR VCIROPL(T265G‘6266C’T267G) (encoding RCIRC89A)
PRCLR12 APR rClRT61G,G62(f,(263G,T265G,G266C,C267G (enCOding RCIRCZIA,CSQA)
PRCLR16 ApR rclRopt,(ClZ‘&G, A125C,C126G) (enCOding RCIRH42A)
pRCLR17 ApR el ROPH(C223G,A224C,T225G) (encoding RCIRH75A)

Gene Expression Analysis by gRT-PCR—E. coli was grown in
MOPS medium with shaking at 37 °C to an A4, = 0.4-0.5.
Then, potential RcIR inducers were added as indicated. For
plasmid-containing strains, media contained ampicillin and 1
mM arabinose. Samples (0.5 ml) were collected by centrifuga-
tion (1 min at 16,100 X g) immediately before and at indicated
time points after addition of the respective stressors. RNA iso-
lation and quantitative RT-PCR analyses were performed as
described previously (20). Primers used in RT-PCRs were: rrsD,
[19] and [20]; rcIR, [21] and [22]; rclA, [23] and [24]; rcIB, [25]
and [26]; rclC, [27] and [28]; nemR, [29] and [30]. Student’s ¢ test
was used to determine whether the means of log-transformed
expression values differed significantly from each other.

Purification of RclR—N-terminally His,-tagged RclR variants
were overexpressed in E. coli BL21(DE3) (Novagen). Cultures
were grown in LB with shaking at 37 °C to an A4y, = 0.6—0.8
and induced with 0.5 mMm isopropyl 1-thio-S-p-galactopyrano-
side, then incubated at 20 °C for 20 h. Cultures were centrifuged
at 6000 rpm for 20 min, resuspended in 0.5 M NaCl, 5 mm imid-
azole, 20 mm sodium phosphate (pH 7.4) plus EDTA-free Com-
plete Mini protease inhibitor (Roche Applied Science). Cells
were lysed by three passages through a French press at 1200 psi.
Lysates were spun down for 60 min at 20,000 rpm at 4 °C,
passed through a 0.8-um filter, then applied to a nickel-loaded
HiTrap Chelating HP affinity column (GE Healthcare). RcIR
was purified using an AKTA fast protein liquid chromatogra-
phy system (Amersham Biosciences) with a 17-column volume
linear gradient to 0.5 M NaCl, 0.5 M imidazole, 20 mm sodium
phosphate (pH 7.4). Fractions containing pure RclR were
pooled and dialyzed against 50 mm sodium phosphate (pH 8.5),
0.5 M NaCl, 2 mum dithiothreitol (DTT), 10% glycerol and stored
at —80°C.

Electrophoretic Mobility Shift Assay (EMSA)—EMSAs were
performed as described previously (20), with the following
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modifications. P, ., the 225-bp intergenic region between
rclA and rclR, was amplified using primers [31] and [32]. P,,,,,.»
was prepared as described previously (20). RcIR protein vari-
ants were exchanged into 150 mm NaCl, 50 mMm sodium phos-
phate (pH 6.8) using Bio-Spin P-30 (Bio-Rad) gel filtration col-
umns and centrifuged for 30 min at 16,000 X gat4 °C to remove
aggregates. RcIR proteins were then incubated with the indi-
cated oxidants at 37 °C for 15 min. To remove the oxidants,
RclR was applied to a Bio-Spin P-30 column, equilibrated with
150 mm NaCl, 50 mum sodium phosphate, 10% glycerol (pH 6.8)
and centrifuged for 30 min at 16,000 X gat4 °C. P, ;.4 DNA (0.1
pmol) was incubated with 0—10.0 pmol of RcIR protein in 10-ul
reactions for 30 min at 37 °C, separated on 10% polyacrylamide
gelsin Tris borate/EDTA buffer for 90 min at 100 V, and stained
with ethidium bromide; band intensity was quantified using
Image] 1.440 (37). Student’s ¢ test was used to determine
whether mean band intensity values differed significantly from
each other. For reduction and re-reduction, samples were incu-
bated in 1 mm DTT at 37 °C for 15 min immediately before
incubation with P, .. Metal-free reagents were prepared by
incubation with 50 mg 1~ * Chelex 100 (Sigma) according to the
manufacturer’s instructions.

Analysis of Cysteine Thiol Status—Cysteine thiols in 8 pum
reduced N-chlorotaurine-oxidized or H,O,-oxidized RcIR
were determined under denaturing conditions (50 mMm sodium
phosphate, 6 M guanidinium HCI, 1 mm EDTA (pH 8.5)) using
Ellman’s reagent (5,5’ -dithiobis-(2-nitrobenzoic acid) (DTNB))
(38). For H,0,-oxidized samples, excess H,O, was removed by
addition of 1 unit of bovine catalase (Sigma) and incubation at
37 °C for 15 min before addition of DTNB. Addition of catalase
itself resulted in no detectable thiols under these conditions
(data not shown).

The sulfenic acid-specific probes NBD-chloride and dime-
done were used as described previously to examine reduced and
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FIGURE 1. The RclR-regulated rcl locus is required for HOCI survival. A, operon structure of the rc/ locus shows the former names of the rc/ genes in
parentheses. B, E. coli MG1655 (wild type) and isogenic mutant strains were incubated in MOPS glucose medium containing 2.5 mm HOCI for 30 min, then
diluted and spot-titered onto LB agar. Plates were incubated at 37 °C overnight. C, E. coliMG1655 (wild type) and the Arc/R mutant were grown to mid-log phase
in MOPS glucose medium and treated with 0.4 mm HOCI. Expression ratios of rcIR (open circles), rclA (blue triangles), rcIB (red squares), or rclC (black circles) were

determined by qRT-PCR (mean = S.D. (error bars)).

N-chlorotaurine-oxidized RclIR, RcIR<?**, and RcIR<®4 (39,
40).

Testing the Role of Metals in RcIR Activation—Metal content
of purified wild-type RcIR was analyzed using inductively cou-
pled plasma-high resolution mass spectrometry at the Keck
Elemental Geochemistry Laboratory, Department of Geologi-
cal Sciences (University of Michigan). To prepare metal-free
protein samples, RcIR (40 wm) was incubated with 1 mm EDTA,
TPEN, 2,2'-dipyridyl, or EGTA at 37 °C for 1 h in metal-free
buffer.

RESULTS

The RclR-regulated rcl Locus Is Required for HOCI Survival—
Microarray analyses in a number of RCS-stressed E. coli strains
revealed the massive up-regulation of three genes of unknown
function ykgB, ykgI, and ykgC (20, 41, 42). All three genes are
divergently transcribed from ykgD (Fig. 1A), encoding an
uncharacterized AraC family transcriptional activator (43)
whose expression was also significantly up-regulated after
HOCI treatment. We therefore hypothesized that this locus
might be involved in bacterial survival of HOClI stress and that
ykgD might encode a HOClI-responsive transcription factor.
Analysis of the HOCI sensitivity of in-frame deletion mutants
lacking any one of the four ykg genes fully agreed with this
assumption. All mutant strains were found to be more sensitive
to HOCI treatment than wild-type cells (Fig. 1B), indicating
that these genes are indeed involved in surviving HOCI stress.
We therefore renamed the ykgD, ykgC, ykgl, and ykgB genes to
relR, rclA, rclB, and rclC, respectively, to reflect their role in
reactive chlorine resistance (Fig. 14). Quantitative RT-PCR
analysis confirmed the microarray analysis and revealed that,
upon sublethal HOCI stress, expression of rclA, rcIB, and rclC
was rapidly induced >100-fold, whereas expression of the puta-
tive regulator rciR increased 10-fold (Fig. 1C, upper panel).
Expression levels remained high for at least 30 min after HOCI
treatment. Induction of rclA, rclB, and rclC was largely elimi-
nated in a ArcIR mutant (Fig. 1C, lower panel). These results
serve to demonstrate that rc/R encodes a HOCl-sensitive tran-
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FIGURE 2.RclRis specifically activated by reactive chlorine species in vivo.
E. coli MG1655 was grown to mid-log phase in MOPS glucose medium and
treated with chlorinated compounds (0.4 mm HOCI, 0.1 mm N-chlorotaurine,
1% chloroform (CHCI,), or 0.1% trichloroacetic acid (TCA)), ROS (0.25 mm tert-
butyl hydroperoxide (TBH), 2 mm H,0,, 0.4 mm methyl viologen, or 2 ug ml "
potassium tellurite (K,TeO,)), reactive nitrogen species (RNS) (0.2 mm diethyl-
amine nitric oxide (DEANO) or 0.1 mm peroxynitrite), or electrophiles (0.5 um
diamide, 0.2 mm methylglyoxal (MGO), or 0.1 mm N-ethylmaleimide (NEM)).
-Fold induction of rc/B after 10 min was determined by qRT-PCR (mean = S.D.
(error bars)). Expression values indicated with asterisks are significantly differ-
ent from expression in the absence of treatment (Student’s t test; **, p < 0.01;
®% < 0,001).

scriptional activator that controls the expression of rclA, rclB,
and rcIC and contributes significantly to bacterial HOCI
survival.

RclR-dependent Gene Expression Is Specifically Activated by
Reactive Chlorine Species—Of the few HOClI-sensitive tran-
scription factors that have been identified to date, only HypT
appears to be specific for RCS whereas all others respond to
multiple stresses, including organic peroxides and electro-
philes. To determine the specificity of RcIR activation in vivo,
we therefore treated wild-type E. coli with a variety of chlori-
nated compounds, reactive oxygen species, reactive nitrogen
species, and electrophiles (Fig. 2). The chosen concentrations of
each compound led to a short growth delay under our condi-
tions, but did not result in cell death (data not shown). Addition
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FIGURE 3. Reactive chlorine-specific oxidation activates RcIR DNA binding activity in vitro. A, EMSAs of the binding of RcIR (0, 0.25, 0.5, 0.75, 1 um) to rclRA
promoter DNA (P, z4, 10 nM) before and after treatment with a 1:1 molar ratio of N-chlorotaurine. To test the reversibility of oxidative activation, N-chlorotau-
rine-oxidized RcIR was incubated for 30 min with the thiol-reducing agent DTT (1 mm). Representative gels are shown, along with quantification results
(mean = S.D. (error bars)). B, EMSA of N-chlorotaurine-oxidized RcIR binding to nemR promoter DNA (P,,.,,,z)- C, EMSAs of RcIR binding to P, , after treatment

with 5:1, 10:1, or 20:1 molar ratios of H,0O,.

of HOCI or N-chlorotaurine, a reactive chloramine generated
by the reaction of HOCI with taurine and found at high concen-
trations in neutrophils (7), resulted in 100 -500-fold induction
of rclB gene expression. No activation was seen with other, non-
reactive chlorinated compounds, including chloroform and tri-
chloroacetic acid. RclR also did not respond to oxidative stress
caused by the organic hydroperoxide tert-butyl hydroperoxide,
H,0,, the superoxide-generating redox cycling agent methyl
viologen (44), or by potassium tellurite (45). Similarly, no
induction of rc/B was observed after treatment with reactive
nitrogen species, including the nitric oxide donor diethylamine
nitric oxide and peroxynitrite, or with reactive electrophiles,
including diamide, methylglyoxal, and N-ethylmaleimide.
These results demonstrate that with RcIR, we have identified a
member of the AraC family that responds specifically to reac-
tive chlorine species.

Reactive Chlorine-specific Oxidation Activates RcIR DNA
Binding Activity—To investigate the ability of RcIR to bind and
shift DNA in a potentially redox-dependent manner, we con-
ducted EMSAs using purified RcIR and the rc/R-rclA intergenic
region (P, z4) as a DNA substrate. Due to the remarkably high
number of rare codons in the rc/R coding sequence (i.e. one
AGG, two AGA, and four CGG arginine codons, two ATA iso-
leucine codons, and one CCC proline codon) (46), which
resulted in poor overexpression from the native gene sequence
(data not shown), RcIR was overexpressed for purification from
an rclR gene that was codon-optimized for expression in E. coli
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(GenScript, Inc.). This strategy allowed high overexpression of
RclR and the purification of the protein to >99% purity. EMSAs
revealed that, whereas purified RclIR did not bind to this DNA
fragment under reducing conditions, it bound strongly to DNA
after incubation with a 1:1 molar ratio of N-chlorotaurine (Fig.
3A). This activation was largely reversible by incubation of oxi-
dized RclR with 2 mm of the thiol-specific reducing agent DT'T,
strongly suggesting that activation of RclR involves formation
of reversible oxidative cysteine modifications. N-Chlorotau-
rine-activated RcIR did not bind to a DNA fragment containing
the nemR promoter region (20) (Fig. 3B), indicating that the
DNA binding of RcIR is sequence-specific and that RcIR does
not affect expression of the HOCIl-responsive nemR operon.
Confirming this result, qRT-PCR showed no changes in nemR
expression in a Arc/R mutant strain or in rc/B expression in a
AnemR mutant (data not shown), indicating that NemR and
RcIR control independent HOCl-responsive regulons in E. coli.
Incubation of purified RcIR with increasing molar ratios of
H,O, resulted in some activation of DNA binding (Fig. 3C); but
even at a ratio of 20:1, the activity of H,O,-treated RcIR was
significantly lower (Student’s ¢ test, p << 0.05) than the activity of
RclR treated with a 1:1 ratio of N-chlorotaurine to RcIR (Fig.
3A). The in vitro sensitivity of RcIR to H,O, was much lower
than that reported for the bona fide H,0,-sensing activator
OxyR, which is present in the oxidized, active form without the
addition of H, O, in vitro (47) and is fully activated by as little as
10 um H, 0, in vivo (48). In contrast, 2 mm H,O, had no effect
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on RclR-dependent gene expression in vivo (Fig. 2). These
results demonstrate that activation of RcIR DNA binding activ-
ity is highly sensitive and specific to RCS and suggest that H,O,
is not a physiologically relevant activator of RcIR. The fact that
RclR activation is largely reversible in vitro by DTT strongly
suggests that it is also reversible in vivo.

Thiol Properties and Structural Characteristics of Owxida-
tively Activated RcIR—To further characterize the properties of
oxidatively activated RclR, we next measured the cysteine thiol
status in reduced, N-chlorotaurine-oxidized, or H,0,-oxidized
RcIR using Ellman’s assay (Fig. 44). Of the 6 cysteine residues
that are present in RclR, we detected an average of 5.5 reduced
cysteines in reduced RclR compared with 3.6 and 5.0 reduced
cysteines in RcIR treated with a 1:1 molar ratio of N-chlorotau-
rine or a 10:1 molar ratio of H,O,, respectively. In combination
with the findings presented in Fig. 3, this result suggests that
activation of RcIR by N-chlorotaurine may involve formation of
one disulfide bond and explains the much reduced capacity of
H,O, to activate RcIR. Nonreducing SDS-PAGE of reduced and
oxidized RcIR samples did not reveal the formation of higher
molecular mass species upon oxidation (Fig. 4B), excluding the
formation of intermolecularly disulfide-bonded oligomers.
N-Chlorotaurine treatment of cysteine is expected to result in
the oxidation of the thiol (-SH) group to sulfenic acid (-SOH)
(49). Reduced thiols and sulfenic acids can be detected using the
probe NBD-chloride, which forms adducts with absorption
maxima of 420 nm for thiols and 350 nm for sulfenic acid (39).
However, no sulfenic acid adducts of NBD-chloride were
detected in N-chlorotaurine-oxidized RcIR (data not shown).
To confirm this result, N-chlorotaurine-oxidized RcIR was
treated with the sulfenic acid-specific nucleophile dimedone
and examined using antibodies specific to the resulting
thioether product (40). Whereas sulfenic acid formation was
clearly detected in peroxide-treated GAPDH (40), no sulfenic
acid was detected in RcIR by this method either (data not
shown). These results suggest that any sulfenic acid intermedi-
ates formed during the activation of RcIR must exist only very
transiently. The precise nature of the oxidative modification(s)
in activated RcIR remains to be elucidated.

Mechanism of RcIR Activation—Based on RclR homology to
regulators of the AraC family (43), RclR is predicted to be a
two-domain protein with an N-terminal domain presumed to
be involved in sensing (residues 1-162) and a C-terminal DNA-
binding domain. To identify conserved residues that might be
important for RcIR function, we identified proteins with
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domains homologous to the RcIR N-terminal domain (BLAST
e-value < 0.0001) from 70 bacterial species. Alignment of these
sequences (Fig. 5A4) revealed the presence of two conserved cys-
teine residues (Cys-21 and Cys-89 of E. coli RcIR) and two con-
served histidine residues (His-42 and His-75 of E. coli RcIR).
We also noted that the RcIR N-terminal domain appears to be a
member of the poorly characterized Cupin_6 (pfam12852) pro-
tein family (50). Cupins are a functionally diverse protein super-
family sharing a common thermostable small B-barrel fold (51).
However, very little is known about the functions or detailed
structure of the Cupin_6 subfamily. Fig. 5B shows an alignment
of the E. coli RcIR sequence with the Cupin_6 consensus
sequence, showing that Cys-89, His-42, and His-75 are con-
served in both RcIR and the larger Cupin_6 family, but that
Cys-21 appears to be specific to RclR.

RcIR Does Not Appear to Require Metals for Activation—The
presence of two conserved cysteines and two conserved histi-
dines in RclIR, along with the known presence of biologically
important metal ions in many cupin proteins (51), led us to
hypothesize that RcIR might be a metalloprotein. Bound metal
ions can have dramatic effects on the redox properties of cys-
teine residues (52), and 2Cys-2His motifs are very common
among zinc-binding proteins (53). However, inductively cou-
pled plasma mass spectrometry failed to identify any stoichio-
metric metals bound to purified, redox-active RcIR. To test fur-
ther whether the presence of metals had any effect on activation
of RclR, we treated purified RcIR in metal-free buffers with a
variety of metal-binding chelators. As shown in Fig. 6, extended
treatment of RcIR with high concentrations of either the strong
zinc-binding chelator TPEN (K, for Zn>" = 10" '° M~ ') (54) or
with the general chelator EDTA had no significant effect on the
activation of RclR in vitro (Student’s ¢ test, p > 0.3). Similar
results were observed with other chelators, including EGTA
and 2,2-dipyridyl (data not shown). These results led us to con-
clude that, at least in vitro, RcIR does not require metal ions for
activation by N-chlorotaurine.

Role of Conserved Cysteine and Histidine Residues in the Acti-
vation of RclR—To first determine what role the conserved cys-
teines Cys-21 and Cys-89 play in redox sensing by RclR, we
constructed plasmids encoding RcIR variants in which one or
both conserved cysteines were mutated to alanine. The ability
of these mutants to respond to RCS was then tested both in vivo
and in vitro. In vivo, qRT-PCR analysis (Fig. 7) showed that
whereas E. coli strains encoding the wild-type RcIR on a plas-
mid had higher base-line levels of rcIB expression than did a
strain encoding RcIR on the chromosome (probably due to
increased rcIR copy number), rclB expression was strongly fur-
ther induced by the addition of 0.4 mm HOCL In contrast,
strains encoding RclR variants lacking either Cys-21, Cys-89, or
both Cys-21 and Cys-89 were unable to induce rc/B expression
in response to HOC], indicating that both Cys-21 and Cys-89
play important roles in the activation of RclR in vivo. In vitro
EMSA using the purified mutant RclR variants revealed that
whereas the RcIR“*'* variant was no longer able to respond to
N-chlorotaurine treatment by activation of DNA binding (Fig.
8, middle panels), the RcIR“®*** mutant variant maintained its
redox response (Fig. 8, bottom panels). These results showed
that, whereas both Cys-21 and Cys-89 residues are required for

JOURNAL OF BIOLOGICAL CHEMISTRY 32579



RcIR Is a Reactive Chlorine-specific Activator

0 0 39 e
o © ™ 0 Sc25
3 § =IO} § ——cwiomd 8 o~ A 2 895
— 1 LJrdanh T ek >A  |mE 93¢2
S <UD = oA QM vo 335
— Ll 0 Q SESo¢c
— - —uq g4 44 TLceo
-1 8 ——t2 8 g oA BETQ
— [ = T oA £E2HE
Ww<orm| <> wa g TxTg
< = - - ——— 29 H= S8e s
oo - === . oLE sxged
fR— B § <2 g g8 24 $3SE3
L N oo —— S = c93 3
oold)t <woow ————— 5 5 SYEQ
OCOU) —l - - ER Aa g6 &
—_l= s >—=u>| Eh b5 2255 |
¢ =D S UL S OZW<COY} 3 vy wn 25sl
O < & m m = T e m © o - _ _
[ — . = C o —
—00)] ae 23 92 o | |
=>=OHU! [ETE & P S ©S g o - |
S« =3 H oy > RS _ _
S 1] = o)
" sl R & 2OSE
o vy 44 8= 5
CLI W 50O EB > v $§¢E
OZOXNU B | oA c329.:S _
P> N B THEO
(gl B B = 4 | N._ wos S
—_—g ] [F5 =1 19} SoSuW
I — = e R= B a c£35Y —
1 1 M= = 4 35 <
NOIO 5 e ScE
N — g % ) 2EEe
s =i =TS [ORO) > %..mwm _
-, o m M CoIE
La_NCU B4 9c g9
o > n v a© 3. o —
, S, -m.m_m 58 2358 =
@ F© B . =g C \
= el 525t | l |
—==OkH| H < =y 22YsS
<CHOWOH >0 B o 855 |
o LB 2l Emag o 0% E | _
2 ——=_(O|3 = _A_n S e Nl
> T I N~ €808
CO<OHL QLS. Q48 V> wo 2c£E
Q<WLnF30L AVnn.w-vm__aA.“;Y nHu W m.u M —— Y 9T 5 — .
OO0 : D 3 <
2 »HOoLOBIL B——— |8 A B &' OO0=gs
€O _n>TH (70 ] UM @ % M % m m 225§ _ —
— =Y CORO3] == T o =1 m.n nm
_ CoeT0a| a o 1o m m £38°C
| - F—Lunal} . @Y 18 ZdeELy T
8 enOToHtE 8 — 3 g ga Id & 5553 [3)
“ T T g9 15 8 EEge o
e s L. x@IOS | & A 8508 :
ToooRut  S0reS  <CWOl  OCWoTiy Z e 0 mOg ESYE
— > T a1 ) T T2 T O - MEm 1O Bd Suwgd
He D> w8 =T 8 § — & Q& @ &0 £ozg
0 E T <L H > I8 O ccg%9
=IO <TOTL Emi | S B4 Decs
) TDSARNG — A ® 8§ @3 ®"ggo
12 g |3 3d 15 o4 8.0 rE e g
| | B8 |F EEsice A .
[~ <y o,
o = < 1> B>wu 8¢ PaYIUS % PaYIUs %
= I & Do SIRZ
1s 7 S > ma 9sSTE8
& s = ﬂ ﬂw “ W M DDn .wm mm padnpal auLIneo010|yo-N
— s [N} <S03
] <6 1o o® gp3at
= s P DA * L
r g I3 —————1% i — oEL
0o >4 - | o 2P 2@ eSss
—0n —— —~— gS2E
=Sy ——] 22 a2l
I - 1 S © © © 652
i <TOMHIH § ———-ot 8 n_ o o 938T
S0 " oo X mead mea wova gy
LLICOONY| ~ —<romoerd A Ao Ao YgSod
OOt QECHFON]  ——ocact v uvus uvd 53853
DLOYOEHT M EESp—— B M O © o KO OS§5ew
CEoc?

EDTA-treated

FIGURE 6. RcIR does not require metals for activation in vitro. RcIR was prepared by treatment under metal-free conditions for 1 h at 37 °C with the indicated
VOLUME 288+NUMBER 45+-NOVEMBER 8, 2013

TPEN-treated

untreated

chelators (1 mm), then assayed by EMSA for binding to P, 5, before and after treatment with a 1:1 molar ratio of N-chlorotaurine. Representative gels are shown,

along with quantification results (mean = S.D. (error bars)).
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RCS-response in vivo, the RclR-specific Cys-21 appears to play
the more critical role in the RcIR redox response.

Next, we used the same strategy to determine the roles of the
conserved histidines His-42 and His-75 in RCS sensing both in
vivo and in vitro. In vivo, mutation of either histidine residue to
alanine resulted in substantially higher rc/B expression in the
absence of HOCI, along with a slight further increase after
HOCI treatment (Fig. 7). These results suggest that both con-
served His residues are involved in preventing DNA binding
when RclIR is reduced. In vitro EMSAs agreed with these results

pCEEY S
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and showed increased DNA binding by RcIR"”>* under reduc-
ing conditions compared with the wild type (Fig. 9). Binding of
the RcIR™*?* and RclR™* variants after N-chlorotaurine
treatment (Fig. 9) was similar to that of the wild type, indicating
that the lack of these histidines did not impair the activation of
RclR by N-chlorotaurine. Interestingly, however, in vitro DNA
binding of both RcIR"*** and RcIR"7>* was activated more
strongly by a 10:1 excess of H,O, than was the wild type (Fig. 9).
Indeed, the RcIR™*>4 variant was significantly more sensitive to
oxidation by both N-chlorotaurine and H,O, than the wild type
(Student’s ¢ test, p < 0.05). In combination, these results sug-
gested that His-42 and His-75 play roles in maintaining RcIR in
an inactive state under reducing conditions and contribute, by a
yet to be defined mechanism, to the RCS specificity and oxida-
tion sensitivity of RcIR.

DISCUSSION

We have now identified RcIR as a transcriptional activator
that relies on conserved redox-sensitive cysteine residues to
specifically sense RCS and control the expression of genes that
contribute to the ability of E. coli to survive HOCI stress. The
strong in vivo RCS specificity of RcIR distinguishes it from most
other HOCl-responsive transcription factors so far described.
For example, E. coli NemR and B. subtilis HypR respond to both
HOCI and cysteine-modifying electrophiles (e.g. N-ethylma-
leimide or diamide) (20, 21), and B. subtilis OhrR responds to
both HOCl and organic hydroperoxides (18, 55, 56). Our results
suggest a model in which initial oxidation of Cys-21 leads to
partial activation of RcIR, followed by the formation of an intra-
molecular disulfide bond between Cys-21 and Cys-89, which
stabilizes the fully active form of the protein in vivo. Cys-21 is
necessary for activation and is likely to be the critical redox-
sensitive cysteine of RcIR. The ability of the RcIR“*** variant to
be activated in vitro supports this conclusion and demonstrates
that disulfide bond formation is indeed not required for RcIR
activation in vitro. As shown in Fig. 8, the C89A variant can in
fact be fully activated in vitro. Formation of a Cys-21-Cys-89
disulfide bond might serve to stabilize the active form of RcIR
under physiological redox conditions in vivo and might prevent
premature reduction and inactivation by cellular reductases
(e.g thioredoxin or glutaredoxin). Regardless, in vivo, both con-
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served cysteines are required for sensing of RCS. This model
resembles the mechanism of redox activation of OxyR, in which
initial oxidation of Cys-199 precedes formation of a Cys-199 —
Cys-208 disulfide bond in the fully activated protein (57).
Although no structural information for RcIR or any other
Cupin_6 family member is available, modeling of the RcIR
N-terminal domain with the I-TASSER (58) and Swiss-Model
(59) structure prediction algorithms supports this model.
Despite substantial differences in the structures predicted by
these two algorithms, they agree in placing Cys-21 and Cys-89
adjacent to each other on adjoining 3 strands (data not shown),
well positioned to form a disulfide bond.

RclIR is unusual not only for its high specificity and sensitivity
to RCS, but also for being a redox-sensitive transcriptional acti-
vator. Most known redox-sensing transcription factors func-
tion as repressors and are inactivated by oxidation (e.g. NemR,
OhrR, PerR, and HypR) (20, 21, 24, 60). Inactivation then leads
to their release from DNA and to the de-repression of gene
expression. RcIR now joins the relatively small group of regula-
tors whose functions are specifically activated by oxidation (e.g.
OxyR and SoxR) (13, 14). In contrast to the activation of DNA
binding observed in RcIR, however, OxyR and SoxR bind to
DNA in both their reduced and oxidized forms, with oxidation
resulting in structural changes that lead to transcriptional acti-
vation (47, 61).

The mechanism underlying RcIR specificity for RCS remains
to be determined, but our results demonstrate that it differs
from that of other known RCS-specific proteins: the chaperone
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Hsp33 relies on the presence of bound zinc to modulate the
redox sensitivity of its cysteine residues (52, 62), whereas HypT,
the only other RCS-specific transcription factor so far described,
relies on HOCI-dependent methionine oxidation (19, 22). The
mechanism of RcIR activation also appears to be distinct from that
of other known HOCI-responsive transcription factors, includ-
ing NemR and HypR, whose DNA binding activity is inactivated
by the formation of disulfide-bonded oligomers (20, 21) or
OhrR, whose inactivation depends on S-bacillithiolation or sul-
fenamide formation at a conserved cysteine residue (18, 55).
We are currently pursuing structural analysis of RcIR to identify
both the specific nature of the structural changes associated
with oxidative activation and properties of Cys-21 or Cys-89
which may contribute to the exquisite sensitivity of RcIR to
RCS.

An intriguing unanswered question is why bacteria appear to
have evolved multiple overlapping RCS-sensitive regulons as
opposed to the simpler regulatory architecture devoted to
resisting other oxidative stress conditions such as peroxide or
superoxide. E. coli contains one transcription factor devoted to
sensing H,O, (OxyR) and one devoted to sensing superoxide
(SoxR) (13). There is now evidence that E. coli possesses at least
three different regulators that respond very sensitively to HOCI
(RclR, HypT, and NemR) and which control distinct, nonover-
lapping stress responses (19, 20). It remains to be determined
what properties of RCS stress require such a complex transcrip-
tional response.
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The function of RclR-regulated genes and how their products
contribute to survival of HOCI stress are also currently
unknown. RclA is a group I flavin disulfide reductase (63), pre-
dicted to be very similar to thioredoxin reductase and mercuric
reductase. RcIB is an 80-amino acid periplasmic protein, and
RclC is a transmembrane protein with some homology to qui-
none-binding proteins. It is tempting to hypothesize that these
proteins form a membrane-associated complex responsible for
reducing cellular components specifically oxidized by RCS.
RcIR homologs are found in a variety of a-, B-, y-, and 8-pro-
teobacteria as well asin a few actinobacteria. Among the Entero-
bacteriaceae, the E. coli-like rcl locus architecture is conserved.
However, in other clades the rc/R homologs are found associ-
ated with genes other than rclA, rclB, and rclC. The most com-
monly found rc/R-associated gene encodes a homolog of the
AhpD alkyl hydroperoxidase (64), an oxidative stress resistance
enzyme which we hypothesize may play a so far uncharacter-
ized role in RCS resistance in these organisms.

In conclusion, our studies demonstrate that RcIR is a con-
served transcriptional activator that depends on the oxidation
of conserved cysteine residues to respond very sensitively and
specifically to RCS. In E. coli, RcIR regulates the high level
expression of rclA, rclB, and rclC, genes that play important
roles in surviving RCS treatment.
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