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the inflicted stress is so far unknown.

\_

(Background: Hypochlorite is strongly bactericidal and used as disinfectant; yet, a response regulator allowing adaptation to

Results: The transcription factor YjiE specifically confers hypochlorite resistance and is an atypical dodecameric regulator that
undergoes DNA-induced dissociation to dimers and tetramers.

Conclusion: YjiE protects cells from hypochlorite-induced oxidative damage by triggering a specific stress response.
Significance: This is the first described hypochlorite-specific regulator.

J

Hypochlorite is a powerful oxidant produced by neutrophils
to kill invading microorganisms. Despite this important physi-
ological role of HOCI in fighting bacterial infections, no hypo-
chlorite-specific stress response has been identified yet. Here,
we identified a hypochlorite-responsive transcription factor,
YjiE, which is conserved in proteobacteria and eukaryotes. YjiE
forms unusual dodecameric ring-like structures in vitro that
undergo large DNA-induced conformational changes to form
dimers and tetramers as shown by transmission electron
microscopy and analytical ultracentrifugation. Such smaller
oligomers are predominant in hypochlorite-stressed cells and
are the active species as shown by fluorescence anisotropy and
analytical ultracentrifugation. YjiE regulates a large number of
genes upon hypochlorite stress. Among them are genes involved
in cysteine, methionine biosynthesis, and sulfur metabolism
(up-regulated) and genes involved in iron acquisition and home-
ostasis (down-regulated), thus supposedly replenishing oxi-
dized metabolites and decreasing the hypochlorite-mediated
amplification of intracellular reactive oxygen species. As a
result, YjiE specifically confers hypochlorite resistance to E. coli
cells. Thus, to our knowledge, YjiE is the first described hypo-
chlorite-specific transcription factor.
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The reactive oxygen species (ROS)® hypochlorite (HOC]I) is
produced by neutrophils in humans and higher eukaryotes
upon bacterial infection and by mucosal barrier epithelia in the
gut of Drosophila to inhibit bacterial colonization (1, 2). HOCI
is also known as bleach and used worldwide as a powerful dis-
infectant in households, hospitals, water disinfection, and the
food industry. In contrast to redox-cycling drugs and other
ROS such as superoxide anion and hydrogen peroxide (H,0,),
HOCl is extremely reactive and bactericidal. It reacts with iron
forming hydroxyl radicals via the Fenton reaction making it
cytotoxic (3, 4). HOCI targets and damages a variety of macro-
molecules, including DNA, lipids, and proteins. It is especially
reactive toward the side chains of the amino acids methionine
and cysteine, causing oxidation to methionine sulfoxide as well
as formation of disulfides and oxidation to oxy acids (e.g. sul-
fenic, sulfinic, sulfonic acid), respectively (5). This eventually
leads to genome-wide mutations, protein inactivation, and per-
turbations in membrane function (5, 6).

Despite this physiological importance of HOCl in killing bac-
teria, bacterial protection mechanisms against HOCI-derived
damage have not received much investigative attention. Previ-
ous studies showed that HOCI causes the induction of the heat
shock and SoxR responses (7, 8). Further studies revealed rea-
sons for the bactericidal effect of HOCI as oxidative protein
unfolding leading to irreversible aggregation (9) and proteome-
wide oxidation of methionine residues (10). In contrast to the
majority of cellular proteins that are inactivated by HOCI, the
redox-regulated E. coli chaperone Hsp33 (11) is activated by
oxidative unfolding and serves to protect cellular proteins from
aggregation, thus increasing E. coli resistance to HOCI (9, 12).

Oxidative stress responses in prokaryotes and eukaryotes are
typically driven by transcription factors specific to the drug or
ROS that causes the oxidative stress (13). Examples for redox-
cycling drugs and H,O, are the well characterized oxidative
stress transcription factors SoxR and OxyR, respectively (14,

¢ The abbreviations used are: ROS, reactive oxygen species; aUC, analytical
ultracentrifugation; FA, fluorescence anisotropy; LTTR, LysR-type tran-
scriptional regulator; HOCI, sodium hypochlorite; gRT-PCR, quantitative
real-time PCR; TCEP, tris(2-carboxyethyl)phosphine.
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15). In contrast, no HOCl-specific transcription factor protect-
ing bacteria from HOCI damage has been identified until now.
In this study, we identified a novel transcription factor, YjiE,
which confers HOCI resistance to E. coli cells. Based on homol-
ogy, YjiE belongs to the large family of LysR-type transcrip-
tional regulators (LTTRs). LTTRs are ubiquitous and act as
repressors or activators of transcription. They contain an
N-terminal DNA-binding helix-turn-helix motif and a C-ter-
minal co-inducer response domain (16). LTTRs typically form
dimers and tetramers (e.g OxyR (17), CysB (18), TsaR (19),
nitrogen assimilation control protein (20)), but also octamers
(CrgA (21)). Activation of LTTRs usually occurs through the
binding of a small molecule co-inducer (18, 19) or covalent
modifications (17). We show here that YjiE is the first HOCI-
specific transcription factor that increases cellular viability by
reducing the intracellular iron levels.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Cloning, Cultivation Conditions, and Anal-
ysis of Cellular Viability—The generation and screen of the
genomic library were performed as described (22). Details on
the generation of bacterial strains, plasmids, and primer are
given in the supplemental data. Bacteria were cultivated at
37 °C in LB medium supplemented with adequate antibiotics
until an A, of 0.45 to 0.5 was reached (equivalent to at least
four doublings). Viability assays were performed as described
(9, 22). The viability of cells (after 1:20 dilution into fresh LB)
was tested at 37 °C in LB medium supplemented with the indi-
cated ROS (4 mm HOCI, 4 mm H,O,, or 5 mMm diamide). Sam-
ples were removed at various time points, serially diluted in LB,
and spotted onto LB agar plates. Recovery of cells was analyzed
in micro titer plates using a micro titer plate reader (BioTek).
Cells (at 1:20 dilution) were mixed with various concentrations
of HOCI, subsequently continuously shaken at 37 °C, and A,
values were recorded at 10-min intervals. (HOCI was not
quenched.)

Gene Expression Analysis—The procedure for transcrip-
tional profiles is described in the supplemental data.

Quantitative Real-time PCR (qRT-PCR)—3 ml of culture at
an A, of 0.45 were either treated with HOCI (37 °C, 10 min) or
left untreated. Then, 2 ml of 5X LB medium was added to
quench the remaining HOCI, cells were harvested (5000 rpm, 5
min), and the cell pellet was frozen in liquid nitrogen. RNA was
isolated using the SV total RNA isolation system (Promega)
according to the manufacturer’s protocol. The concentration
was determined at 260 nm using a NanoDrop spectrometer
(PeqLab). qRT-PCR was performed in a one-step reaction using
the Brilliant III Ultra-Fast SYBR® Green QRT-PCR Master Mix
(Agilent Technologies) supplemented with 100 ng of isolated
RNA as template and 150 nM primers (see supplemental Table
S2). The cDNAs were synthesized at 50 °C for 10 min and sub-
sequently denatured at 95 °C for 3 min. Then, the cDNAs were
amplified through 40 cycles (denaturation, 95°C and 20 s;
annealing/extension, 60 °C and 30 s). Nonspecific products or
primer-dimers were detected by increasing the incubation tem-
perature from 25 to 95 °C after amplification. The amplification
efficiency was validated by standard curves for each primer
pair. Besides the no-template control and no RT control omit-
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ting the reverse transcriptase/RNase block provided in the mas-
ter mix kit, the tufB gene was used as endogenous control to
normalize the variation of RNA template in each sample.

Analysis of Intracellular Iron Levels—Cells were cultivated as
described above. At an A, of 0.45, cells were HOClI-stressed
(2.75 mm HOCI, 10 min) or left untreated and harvested. Fur-
ther sample treatment and EPR measurements of incorporated
iron were exactly performed as described (23).

Reporter Gene Fusion—The construction of translational
lacZ reporter gene fusions and 3-galactosidase assays were per-
formed as described in the supplemental data.

Purification of YjiE and Preparation for Analysis—Expres-
sion was performed using BL21(DE3) cells. Cultures (1-6
liters) were inoculated and incubated overnight at 37 °C with-
out shaking. Then, the cultures were shaken at 25 °C, isopropyl
1-thio-B-p-galactopyranoside was added after 45 min (0.1 mm
final concentration), and cells were harvested after 4 h. Washed
cells were resuspended in ice-cold buffer A (50 mm NaH,PO,,
pH 7.5, 300 mm NaCl, 10 mm imidazole) containing Protease
Inhibitor Mix HP (Serva), disrupted, and centrifuged (8 °C,
48,400 X g). All chromatography steps were performed at
ambient temperature, and protein fractions were collected on
ice. The lysate was applied onto a HisTrap FF column (GE
Healthcare) and eluted with a linear gradient from buffer B (50
mwm Tris, pH 7.5, 300 mMm NaCl, 10 mm imidazole) to buffer C
(buffer B with 750 mMm imidazole). YjiE-containing fractions
were diluted with buffer D (10 mm NaH,PO,, pH 7.5, 5 mm
EDTA), immediately applied onto a Hi-Trap Q FF (GE Health-
care), and eluted with a linear gradient from buffer E (10 mm
NaH,PO,, pH 7.5) to buffer F (buffer E with 600 mm NaCl).
YjiE-His containing fractions were pooled and stored at —80 °C
after addition of 5% (v/v) final concentration of glycerol. To
remove the His tag, His-T-YjiE or His-T-YjiE-flash containing
fractions after the Hi-Trap Q FF column were digested with
thrombin (bovine, high activity (Calbiochem)) for 40 h at 4 °C.
Thrombin was removed using a Superdex75 column (GE
Healthcare) (buffer E with 400 mm NaCl). For storage at
—80 °C, glycerol was added to a final concentration of 5% (v/v)
(storage buffer B (9.5 mm NaH,PO,, pH 7.5, 380 mm NaCl, 5%
glycerol)). Unless otherwise stated, YjiE was reduced with
tris(2-carboxyethyl)phosphine (TCEP, 1 mwm, 1 h, 37 °C), cen-
trifuged (13,300 rpm, 4 °C, 20 min), and the protein concentra-
tion was determined at 280 nm using a NanoDrop spectrometer
(PeqLab) prior to analysis. For purification of YjiE-HOCI (i.e.
YjiE-His isolated from HOCI-treated cells), HOCl was added to
cultures to a final concentration of 2 mm immediately before
cells were harvested (10 min, 8 °C). Cells were then resus-
pended in buffer B containing Protease Inhibitor Mix HP, dis-
rupted, and YjiE-HOCI purified and stored as described above
for YjiE-His.

Sample Preparation for Analytical Ultracentrifugation—For
the analysis of the oligomerization state of YjiE, the protein
was analyzed at 15, 3, and 0.6 uMm in storage buffer. YjiE-
HOCl was analyzed at 12 um in storage buffer. To analyze the
dissociation of YjiE by DNA, 50 nm YjiE-flash™ (see below)
was incubated with 50 nm DNA (158 bp) in 10 mm NaH,PO,,
pH 7.5, 375 mm NaCl. After 20 to 30 min at 25 °C, sedimen-
tation velocity ultracentrifugation was carried out. To ana-
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lyze binding of YjiE to different DNA, the protein was
reduced with TCEP (1 mwMm, 2 h, 37°C), and TCEP was
removed using a NAP-5 column (elution in 2.5 mm
NaH,PO,, pH 7.5, 100 mMm NaCl). DNA-binding samples
were prepared containing 30-50 nm DNA (yjiE, metN,
cydA), different amounts of protein, and a final buffer con-
centration of 1 mm NaH,PO,, pH 7.5, 30 mm NaCl.
Analytical Ultracentrifugation (allC)—aUC experiments
were carried out using a ProteomeLab XL-A analytical ultra-
centrifuge (Beckman Coulter) equipped with a fluorescence
detection system (Aviv) (24, 25). For sedimentation velocity
experiments, samples were spun at 35,000 rpm or 42,000 rpm
(monitoring fluorescence) at 20 °C. Scans were collected con-
tinuously during sedimentation recording absorbance at 235
and 280 nm for unlabeled protein or monitoring fluorescence at
an excitation of 488 nm and emission cut off at 505 nm when
YjiE-flash” or Alexa Fluor 488-labeled DNA should be detected.
Sedimentation velocity data were analyzed using the dC/dT
method (25) and/or ¢(s) method provided with the SedFit soft-
ware. For two-dimensional spectrum analysis (26), sedimenta-
tion profiles were analyzed at a grid resolution of 62,500 using
25 grid repetitions. Confidence levels for statistics were derived
from two-dimensional spectrum analysis data refinement using
genetic algorithm followed by 50 Monte Carlo simulations.
Buffer density and viscosity were determined using a falling ball
viscosimeter type C (Haake), and all aUC data were calculated
based on the experimentally determined buffer parameters.
The partial specific volume (vbar) of 0.737 ml/g for YjiE was
calculated based on the amino acid sequence. Sedimentation
equilibrium experiments were performed at 8,000 rpm at 4 °C
with 15 uM YjiE-His. Absorbance scans at 280 nm and interfer-
ence scans were recorded after the sample was at equilibrium.
These data were analyzed by a single species fit. The calculation
of the YjiE-DNA-complex stoichiometry is described in the
supplemental data.
Sucrose Gradient Centrifugation—Preparation and analysis
of sucrose gradients are described in the supplemental data.
Transmission Electron Microscopy and Image Processing—
YjiE samples were adsorbed for 2 min onto carbon-coated grids
that were glow discharged in air before the application of 5 ul of
protein solution. YjiE alone and HOCI-treated YjiE were ana-
lyzed at 0.1 mg/ml and 0.05 mg/ml, respectively, in 10 mm
NaH,PO,, pH 7.4, 200 mm NaCl. HOCl-treated YjiE (0.5 mg/ml
(14 uMm)) was incubated with a 10-fold molar ratio of HOCI
(25 °C, 30 min) before HOCI was quenched by the addition of
methionine. For DNA-binding experiments, TCEP-reduced (1
mm, 1 h, 37 °C) YjiE was diluted to a final concentration of 50
mwm NaCl and incubated with an equimolar ratio of 315-bp yjiE
DNA (final YjiE concentration, 0.018 mg/ml (504 nm)). Excess
protein solution was blotted off, and the samples were stained
negatively with uranyl acetate (5 ul 2% (w/v), 30 s). Electron
micrographs were recorded at a nominal magnification of
50,000 and at defocus values ~500 to 700 nm using a JEOL JEM
100CX electron microscope operated at 100 kV. Image prepa-
ration was performed as described (27). Centered images (1,500
for YjiE+DNA; 9,918 for YjiE alone; 8,320 for HOCI-treated
YjiE) were analyzed by multivariate statistical analysis and mul-
tireference-alignments within the Imagic suite (28) to obtain
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the final class averages. Quantification, three-dimensional
reconstruction, and the hydrodynamic simulations are des-
cribed in the supplemental data.

FIAsH Labeling of YjiE in Vitro and in Vivo—AD?2 cells were
induced with 0.1% arabinose (30 °C, 4 h), which yielded YjiE
levels ~100 times higher than wild-type levels (final level
~0.1% of the total cellular protein, as inferred from quantitative
Western blot analysis using YjiE-specific antibodies) and was
required to obtain a significant fluorescence signal. For prepa-
ration of the lysate, cell pellets were resuspended in 20 mm
NaH,PO,, pH 7.5, 115 mM NaCl. Cells were disrupted using a
bead mill (4-mm glass beads, frequency 30 s~ *, 6 min). After
centrifugation, the protein concentration in the soluble frac-
tion was determined by Bradford assay.

Purified YjiE-flash and yjiE-flash expressing cell lysates were
incubated with 1 mm TCEP and 0.4 um FIAsH-EDT, (Invitro-
gen) for 90 min (29) prior to analysis by aUC (see above) or
sucrose gradient centrifugation (see supplemental data). Lysate
(50-75 ug) was used for aUC monitoring fluorescence in a total
volume of 450 ul. In vivo labeling was performed as described
before (30) with minor modifications as follows using AD2 cells
at an Ay, of 0.5. Lysozyme-treated, washed cells were resus-
pended in LB medium supplemented with ampicillin, and 0.4
uM FIAsH-EDT, and 2 um ethanedithiol were added (37 °C, 30
min). Then, 0.1% arabinose was added to induce expression of
yjiE-flash at 30 °C for 4 h, and cells were harvested as described
above. For the in vivo HOCI treatment, cells were treated with 2
mMm HOCI (5 min), and the reaction was quenched with LB
medium directly before cell disruption. Lysate (120 ug) was
used for aUC in a total volume of 300 —450 ul.

Generation of DNA Fragments for Binding Studies—DNA
fragments comprising the upstream region of yjiE, metN, or
cydA were generated by PCR using the following primers:
—263-bp yjiE (forward) and +52-bp yjiE (reverse) (315-bp
DNA), or —106-bp yjiE (forward) metN or cydA and +52-bp
yjiE, metN, or cydA (reverse) (158-bp DNA), respectively, and
purified. Positions are given with respect to the translational
start sites. To obtain single fluorescently labeled DNA frag-
ments, the reverse primer was 5'-labeled with Alexa Fluor 488.

Fluorescence Anisotropy Measurements (FA)—FA was ana-
lyzed using a Jasco FP-6500 fluorescence spectrometer at 37 °C
(excitation/emission at 488 nm/515 nm). YjiE was reduced as
indicated (1 h, 37 °C, 10 mm TCEP, or 3 h, 37 °C, 10 mm DTT)
prior to addition to DNA. Analysis was performed in the pres-
ence of reductants. YjiE-His was always analyzed in its non-
reduced state (in vitro HOC]I-treated, from unstressed cells, and
from HOCI-treated cells). For in vitro oxidation, YjiE-His (0.5
mg/ml) was incubated with a 10-fold molar excess of HOCI (70
uM; 30 min, 25 °C) before HOCl was quenched by the addition
of methionine (final concentration, 1 mm). Single Alexa Fluor
488-labeled 158-bp DNA at 10 nm (yjiE, metN, or cydA) was
preincubated in 10 mm NaH,PO,, pH 7.5, 5% glycerol in a
stirred cuvette for 5 min. Then, the respective YjiE variant was
added in 100 or 200 nM steps to the DNA, and anisotropy was
monitored for 60 s (data pitch, 2 s). The recorded values (20 —50
s) were averaged.
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RESULTS

Identification of Putative Transcription Factor That Confers
Specific Resistance to HOCI Stress—In an attempt to identify a
potential cellular response system to HOCI, we screened a
genomic expression library and selected clones that survived
exposure to 6 mm HOCl in liquid LB medium (22). We identi-
fied one clone with a 150-fold increased number of surviving
cells (5 mm HOCI) that contained the complete gene yjiE and
parts of iadA and iraD, suggesting that yjiE is responsible for
the observed HOCI resistance. Based on homology, yjiE
encodes a putative LTTR and is conserved in «-, 3-, and y-pro-
teobacteria and in eukaryotes (Xenopus tropicalis). Multiple
sequence alignment showed that YjiE contains many conserved
amino acids in the N-terminal DNA-binding domain and the
C-terminal co-inducer response domain (Fig. 14). To confirm
that yjiE confers the HOCl-resistant phenotype of the originally
selected library clone, we deleted yjiE in E. coli C600 (KMG214)
and compared its survival after exposure to HOCl to the paren-
tal strain C600. Deletion of yjiE resulted in an up to 350-fold
reduced viability upon HOCI stress and delayed recovery,
resulting in an increased lag phase in the growth curve (Fig. 1B
and inset). YjiE appears to act specifically during HOCI stress
and does not confer resistance to other ROS such as H,O, and
diamide (Fig. 1, C and D). We conclude that YjiE improves cell
viability and growth upon HOCI stress.

What is the function of YjiE upon HOCI stress? To obtain
insight into the potential regulatory role of YjiE and to assess
how YjiE protects cells from HOCI stress, we performed gene
expression analyses of yjiE" and yjiE ™~ cells (C600, KMG214) in
response to HOCI treatment. Under the conditions chosen the
viability of cells was 100% for all tested HOCI concentrations.
Considering that most LTTRs autoregulate their expression
(16), we compared RNA levels of YjiE in unstressed and HOCI
stressed cells. No significant change in RNA levels was
observed, and this was confirmed by qRT-PCR (data not
shown). Likewise, translational fusions of the putative yjiE pro-
moter region with lacZ yielded similar 3-galactosidase activity
in unstressed and HOCl-stressed yjiE™ and yjiE~ cells (supple-
mental Fig. 2). This suggests that yjiE transcription is not
altered by HOCI stress and that YjiE does not up-regulate its
own expression, unlike other LTTRs (16).

Only 11 genes had slightly different RNA levels (2.1-3.5-fold
up/down) under non-stress conditions in yjiE~ cells compared
with yjiE* cells. Upon HOCI treatment, however, >300 genes
were altered at the transcript level by at least 2-fold in response
to HOCI in yjiE™ or yjiE~ cells. Some of these genes showed
stronger regulation in one of both strains, and some were exclu-
sively regulated in yjiE™ cells but remained unaffected by HOCI
in yjiE~ cells. These genes are supposedly regulated by YjiE
(supplemental Tables S3 and S4). Up-regulated genes can
mainly functionally be classified into genes involved in sulfur,
methionine, and cysteine metabolism (metB, metK, metN, cysH,
cysK, cysN, cysPUW, sbp, sufA), biosynthesis of other amino
acid, and genes with unknown function. Down-regulated genes
can mainly be classified into genes involved in iron acquisition
and homeostasis (entC, entH, fecABCDE, fecR, fepCD, ryhB,
tonB, yncE; and with a much lower amplitude entEBA, ybiX (1.5
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to 2-fold change)) as well as transporter (sugar, peptides, amino
acids) and RNA-related genes.

To confirm the regulatory effect of YjiE during HOCI stress,
we monitored the levels of selected RNAs (CysH, MetB, MetN,
FecD) by qRT-PCR. All of these genes showed an YjiE-depen-
dent transcription over a HOCI concentration range from
2-3.5 mm with an optimum at 2.5-2.75 mm HOCI (Fig. 24).
(Differences in absolute values in the gene expression analysis
and the qRT-PCR analysis are most likely due to a different
experimental setup.) It should be noted that the viability of cells
was 100% for all HOCI concentrations tested. Thus, the qRT-
PCR data support the gene expression analysis.

The up-regulation of cysteine and methionine biosynthesis
may reflect the requirement to replenish methionine, which is
quickly oxidized upon HOCI stress (5) and thus possibly
depleted. The potential role of genes with unknown functions is
yet to be analyzed. Genes that were down-regulated are
involved mainly in iron homeostasis. They are regulated by Fur,
a transcriptional regulator and repressor that is activated by
iron (31). Dukan and Touati (4) showed that fur mutants, which
have higher intracellular iron levels because they lack down-
regulation of iron acquisition, are more sensitive to HOCI
stress. This suggests that E. coli cells with higher intracellular
iron levels suffer from increased ROS generation via the Fenton
reaction (4). Thus, the primary role of YjiE may be to down-
regulate iron acquisition genes to prevent further synthesis of
iron uptake proteins.

To test whether YjiE influences iron levels, we analyzed
intracellular free iron levels in yjiE™ and yjiE~ cells in the
absence or presence of HOCI stress. Cells were treated with
2.75 mm HOCI at which the levels of FecD were most strongly
affected as shown by qRT-PCR (see Fig. 2A4). The unincorpo-
rated free iron levels were similar in untreated yjiE™ and yjiE~
cells as expected because YjiE is inactive in the absence of
HOCI. Unincorporated free iron levels were also similar in
HOCl-stressed yjiE™ and yjiE~ cells (Fig. 2B). Such similar lev-
els in HOCl-stressed and unstressed cells suggest that HOCI
does not particularly damage iron-containing proteins. Signif-
icant iron release from proteins may, however, occur depend-
ing on the applied HOCI concentration as shown in vitro for
lactoperoxidase (32). Therefore, a direct effect of YjiE on intra-
cellular unincorporated iron levels cannot be observed because
HOCI stress does not increase iron levels. Thus, the role of
YjiE-regulated genes upon HOCI stress is apparently multifac-
eted, and they may contribute collectively to cell survival.

YjiE Forms Unusually Large Oligomers—Many LTTRs form
dimers or tetramers (16). We thus analyzed the oligomerization
state of purified YjiE by aUC. In sedimentation equilibrium
experiments, we determined a molecular mass of ~420 kDa for
C-terminally His-tagged (YjiE-His) and untagged YjiE, suggest-
ing that it forms a dodecamer under equilibrium conditions
(YjiE monomer, 35 kDa). In sedimentation velocity experi-
ments, YjiE sedimented with an s value of 11.1 S = 0.3 S inde-
pendent of the protein concentration within the tested range of
0.6-15 um (Fig. 3A). In agreement with the sedimentation
equilibrium experiments, two-dimensional spectrum analysis
yielded a molecular mass of 395 * 10 kDa for the 11.1 S parti-
cles and a frictional ratio of f/f = 1.66, suggesting that the YjiE
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Escherichia_coli_0157:H7/1-242 26 SNLAELRGGSDYAQRK IKI GLLPIS I'ISQMPP ----LFTWAIEAIDMDEAVDKBREGIQSBCIFSFHDEDEL ---- - - E AP 102
Salmonella_enterica/1-284 69 SNLTELRGGSDYTLRKIKI A SLGLLPIT IVKQMPT ----QFTYAVEA | DMDQAVDMBREGQSBIF IFSYHDENLQ - - - - - - QA 145
Edwardsiella_tarda_/1-305 8 SNLAELRSGGDPAQQRITI A SLGLLBISLVKTLPA----QFSYTVEA|DMDR DT R KSEF IFSYHBDNBL - - - - - - 164
Pseudomonas_syringae/1-303 79 EVVRHEHHLEGGQGEVMQV A ALGFFPRIRWIAQLRNEG -LNIATRLVATNMGDAVHABREGGCBILML AFY PDA--ALQMDAEI162
Haemophilus_influenzae/1-295 80 YNLDELLGQNTQKKPNITF A SLSVMPIKLIHDIGQSH-QNF IYSVEA | DMDQTVKTEVEGKSBF IFSFYDDLER------ QEP 159
Vibrio_fischeri/1-293 79 AGISQISDLSQLGGNVVYVQV A ATSL IBIKMQQAFDEGD-YKPILSVEA | DMDEATKE BR ACBIILLAFDBPDIER - - -- - - L PR158
Chromohalobacter_salexigens/1-306 79 ECLAH.RGLSMAN-EALDIV A TFFPHWISRLQKGYV -GELPTRLVAMNMG DA | HVBR NCBLMLAYY PYA--SMQLDAEA16‘I
Burkholderia_sp._/1-306 77 DTRAI IRTEQRIAGTSLQI NFLBAWLRTLSKHV -GEVRARV IPANMHDS | LMEVN NCELMFAYHHPQ -PLHLDPTR160
Herbaspirillum_seropedicae/1-331 77 NTRALIRGKRPTAQTT]DF TYM KWLSALESGF-GAINTRL[ILN HD.MTI\/ GCPLLLCYHHPRQ--PVQLDSSR160
Roseobacter_sp./1-302 77 ETIERCQALDAEDENIVRL IYTTYYKAEILPLVEAYGLSLDLNSVSWPAEKFS IMBQQEQSBV | ISYWHPSMGFLSPLSVSPI163
Xenorhabdus_nematophila/1-296 81 YQIGKIKGGKT -SKHRINI SISLLIELISGFSD-K-MDKVFNIESINIDETIKNIiK K'S FILSFYNDEII ------ TSPI158
Escherichia_coli_str._K-12/1-303 164 FIDHIRLFESQL|FPMCASDEHGIEALFNLA----QPHF NMIS RN LINRTETRH-SELSFSTFFV L I |

Escherichia_coli_0157:H7/1-242 103 FIDHIRLFESQL|FPMCASDEHGIEALFDLV - - - -QPHF NMIS RN LINRTETRH-SELSFESTFFV L D |

Salmonella_enterica/1-284 146 FDNIRLFESRLF CANNGRGEPRYTLE - ---QPHF NMSQN LINRTETRH-AELSFSTFEV L |

Edwardsiella_tarda_/1-305 165 FAHIHLFSSQLF CAADAYGAPLYRLD- ---QADA NMINAN QVNRLLARH-PALTERTVEVSS L |

Pseudomonas_syringae/1-303 163 FIPSLHLGHTEMLPMCAADAEGIRPLFDMEGEA-S - -V AMSTGAFLGRISVNLLLRQR--NLRFTTVYETAMADS |

Haemophilus_influenzae/1-295 160 LSKEMLESNHY SALNKDKEPEFSFS----KEET N TKNIM LVNRK NLY-SHLNFRTIFVIS L |

Vibrio_fischeri/1-293 159 YQSQL IAKTELIL SACDEMGKP IYDF I ---SQGAV TMSST MGRQVE | IR----EQVALTPIFSSSMTDM |

Chromohalobacter_salexigens/1-306 162 IPSFSIGQVNML CVPDTDGA RFSIDDDT-AG-V AMTQGAF L S RML!KNDPLRMRLKTVVETA AEG M

Burkholderia_sp._/1-306 161 YECVTVGVDTFM CRPNQRLAHAYRLPGV I -EHPM | AMTET E CFALLMEQSKASPALQLHYEID AEVV v

Herbaspirillum_seropedicae/1-331 161 YDMLTMGTETIR YSRCDRNlKIDYVFPGSA-KAPV SMTSNAYIL ELMMADTKRPLHLDKHYETD S U

Roseobacter_sp./1-302 164 YTSLTLARDIMV AKANPD QFRLGEND-KARV A SVSVFRPVVES | SGRIGSANILQVSQNAL STV LG 249
Xenorhabdus_nematophila/1-296 159 !LHHKVLDARIYL SGCSSD L'YRIME - - - -ETPL MK TDELM-Q NQL EKN-LRDRFHYFCQIS L VG 240
Escherichia_coli_str._K-12/1-303 IRSGKEBVIVLNR - -DELV IPIQAYAMRMNTRMNPV - - - -AERFMREBRELE VLS --------------------- 303
Escherichia_coli_0157:H7/1-242 IRSGQEVIVLNR - -DELVIPIQAYAMRMNTRMNPV - - - -AERFMREBRELE VLS ---------------onn-- 242
Salmonella_enterica/1-284 ITDGRBIVLDA--DELVIPIQAYA MNTRMSQV - - - -ABTFERDBRGLQAAL - - - - - - - - - - v mmmmme e 284
Edwardsiella_tarda_/1-305 AQGRIBVALDE - -HDLL IPIDAYAMRIL DTRMSQS - - - -VERFWQABRQQFTPQEE - - - - - - -------------- 305
Pseudomonas_syringae/1-303 ARGIEEVVVCGG - -PQWHVPLE IRLMRICALVRKAN - - - -VRLLWRKBESAAPPESL - - - ------------n--- 303
Haemophilus_influenzae/1-295 RQNK ILDD--NEL I IPIKAY I INTRLNMY - - - -AEQFWMKSBDNRK - - - - - - - - - - mm oo oo e 295
Vibrio_fischeri/1-293 AQKKVAIIGE - -QSLRLPIEYYA YQARLHRIA - - - -GEKVIES IICNBDT - - - - - ---cccmcnaeaannn 293
Chromohalobacter_salexigens/1-306 ASGR RAGG - -TQWDIPLE IRL CSLVHKPG ----VEKLWRQMMK -LPRDFLQA - - - -« -« 306
Burkholderia_sp._/1-306 DSGE AAGR - -AEWQLQLELRYV D--LTNRS --ELLDTL@MRHBRASSAPAEQR ------------------- 306
Herbaspirillum_seropedicae/1-331 VRNRQEARTDVPSGEWEVEME IRL ERPTAQRAGKALVARLWEYBVELDAQRQEGGKGSARTSGGKAGRAAEKG 331
Roseobacter_sp./1-302 ESIE LAGG - -KQYYSEIEIRA DHNNKKEIR - - - - LK EENQERDGN - - - - - - - - - - - o e v v ccmmcmcao o e 302
Xenorhabdus_nematophila/1-296 RQQKESLLEP - -EKTS ITKMGVF | THSRILINEBIT - - - -SHEEEQYMBITRWTA - - - - - - - - - o e e memcmccn e 2%
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FIGURE 1. A, sequence alignment of YjiE from 10 representative species from a-, 3-, and y-proteobacteria and eukaryotes using ClustalW. Conserved amino
acids are highlighted in blue, and the degree of conservation is proportional to the darkness of the color. B-D, growth of C600 (WT, circles) and KMG214 cells
(yjiE~, squares) at different stresses. Cells were grown at 37 °C, supplemented with the indicated stressor, and either viability or recovery analyzed. Viability at
4 mm HOCI (B), 4 mm H,0, (C), and 5 mm diamide (D), respectively. Shown is the mean = error from two to six independent experiments. Inset, recovery of cells
at 0 mm (open symbols), 2.8 mm (light gray symbols), and 3 mm HOCI (dark gray symbols). Shown is the result of one representative experiment.
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FIGURE 2. A, qRT-PCR analysis of the RNA levels of CysH, MetB, MetN, and FecD at the indicated concentration of HOCI. WT (open symbols) and yjiE ~ cells (closed
symbols) were grown at 37 °C and supplemented with HOCI. After 10 min, 5X concentrated LB was added to quench HOCI, cells were harvested, RNA was
isolated, and the RNA levels were analyzed by qRT-PCR using specific primer pairs. Shown is the result of one representative experiment. Please note that CysH,
MetB, and MetN are up-regulated, whereas FecD is down-regulated. B, analysis of intracellular free iron levels in WT and yjiE~ cells. Cells were cultivated in LB
medium at 37 °C without stress (white bars) or subjected to stress (2.75 mm HOCI, 10 min; striped bars) and prepared for EPR analysis. Shown is the mean = error

from two to four independent experiments.

oligomer adopts an elongated shape in solution (data not
shown). (Note that an f/f; value of 1 is expected for a spherical
particle.)

To obtain further structural information about YjiE, we sub-
jected the samples to negative stain transmission electron
microscopy. YjiE adsorbed onto carbon-coated grids and
stained with uranyl acetate mainly formed ring-like pentagonal,
hexagonal, and heptagonal structures with hexagons being the
predominant assembly form (Fig. 3, B—D). The hexagons have a
diameter of 24 nm with a segment length and width of ~11 and
3 nm, respectively. The height of all oligomers is ~6 nm, as
indicated by three-dimensional reconstructions (Fig. 3C, lower
panel). According to hydrodynamic simulations, the s values of
the corresponding three-dimensional volumes are between
10.4 and 11.9 S and fit well the observed mean s of ~11 S (sup-
plemental Fig. 14).

YjiE in Lysates Forms Small and Large Oligomeric Species—
To test whether YjiE also forms atypical large complexes in vivo,
we fused a CCGPCC tag (flash tag), which is known to specifi-
cally react with the biarsenical fluoresceine analog FIAsH form-
ing strongly fluorescent adducts (29), to the C terminus of YjiE
(yielding YjiE-flash). YjiE-flash showed a wild-type-like oligo-
merization and DNA binding (see below) and conferred wild-
type-like HOCI resistance to AyjiE cells (data not shown). We
then labeled YjiE-flash with the FIAsH dye in vitro, in vivo, and
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in lysates to form fluorescent YjiE-flash (YjiE-flash’) and ana-
lyzed the lysates by sucrose gradient centrifugation (supple-
mental Fig. 1C). YjiE-flash™ was detected in two fractions, in
which it was distributed equally, and co-migrated with proteins
of molecular weights between 140 —380 kDa. A smaller fraction
migrated at ~70 kDa, presumably dimers (supplemental Fig.
1C, fractions 16/18). We then analyzed YjiE-flash” by aUC mon-
itoring fluorescence. Purified YjiE-flash™ showed a wild-type-
like s value of 10.9 S (see Fig. 5A, black line). To detect YjiE-
flash™ fluorescence in cell lysates, yjiE-flash had to be expressed
to ~0.1% of the total cellular protein (~100-fold greater than
wild-type levels). Labeling was YjiE-specific as a lysate of
FlAsH-labeled cells that did not express yjiE-flash showed no
significant fluorescence (supplemental Fig. 1B, gray line). YjiE-
flash” sedimented predominantly with 10.6 S (Fig. 3E and sup-
plemental Fig. 1B, black line), demonstrating that YjiE
dodecamers form in cell lysates. As in sucrose gradient centrif-
ugation, smaller YjiE particles (4.1 and 7.1 S) were detected in
addition to the 11 S particles. Two-dimensional spectrum anal-
ysis and hydrodynamic estimations from the oligomeric three-
dimensional structures (see supplemental Fig. 14) estimate that
the 4.1 S particles correspond to dimers, whereas the 7.1 S par-
ticles are likely to be tetramers (Fig. 3E). The ratio of small to
large oligomers depended on the cellular concentration of YjiE.
Smaller oligomers (i.e. dimers, tetramers) comprised the most
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FIGURE 3. A, concentration-dependent analysis of the sedimentation coefficient of YjiE. The indicated concentrations of YjiE in storage buffer were analyzed by
aUC. Inset, sedimentation coefficient distribution of 15, 3, and 0.6 um YjiE using the dC/dT method. Sedimentation was performed at 35,000 rpm. B, negative
stain transmission electron microscopy image of Yjik (0.1 mg/ml) negatively stained with uranyl acetate. Scale bar, 100 nm. C, typical class averages of the
pentagonal, hexagonal,and heptagonal YjiE oligomers (upper panel) and corresponding surface representations of the simulated three-dimensional structures
(lower panel). Scale bar, 20 nm. D, distribution of oligomers shown in C. E, YjiE-flash that was FIAsH-labeled in lysates was analyzed by aUC, and fluorescence was
monitored. The 4.1S,7.1S,and 10.6 S YjiE particles likely correspond to dimers, tetramers, and dodecamers.

abundant species in wild-type E. coli cells, whereas large oligo-
mers (i.e. dodecamers) were detected predominantly when yjiE
was overexpressed as used for purification purposes (as inferred
from analytical gel filtration of cell lysates; data not shown).
These results indicate that the YjiE oligomers are in an equilib-
rium governed by the cellular concentration of YjiE.

YjiE Binds to DNA—DNA binding is a prerequisite for the
activity of YjiE as an LTTR and occurs independent of activa-
tion (16). To test for DNA binding, we mixed purified YjiE with
fluorescent labeled DNA (Alexa Fluor 488 DNA) and subse-
quently analyzed the samples by FA and aUC monitoring fluo-
rescence. As double-stranded DNA substrates, we chose the

6898 JOURNAL OF BIOLOGICAL CHEMISTRY

promoter regions of two of the identified target genes, cydA and
metN (158 bp in length, comprising the 106-bp upstream region
of the respective gene) and the yjiE promoter region in our
analysis. First, we titrated YjiE to Alexa Fluor 488-labeled DNA
and monitored changes in FA. Changes in FA were observed
with all three DNA substrates and followed a sigmoidal binding
curve with half-maximal amplitudes at ~0.3 um YjiE (Fig. 44).
The change in FA could be reverted by addition of excess unla-
beled YjiE promoter DNA, demonstrating that binding of YjiE
to DNA is dynamic and reversible (supplemental Fig. 1D). To
corroborate further evidence for the interaction between YjiE
and the double-stranded DNA substrates, we subjected the
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FIGURE 4. A, binding of reduced YjiE to Alexa Fluor 488 DNA was monitored by FA. TCEP-reduced YjiE at the indicated concentrations was added stepwise to
10 nm of the indicated Alexa Fluor 488 DNA in 100 nm steps. The change in FA upon titration of YjiE was measured using a Jasco FP-6500 fluorescence
spectrometer. B, binding of YjiE to Alexa Fluor 488 DNA was analyzed by aUC, and fluorescence was monitored. Reduced YjiE was added to the indicated DNA
at aratio of 10:1 (red), 40:1 (green), and 80:1 (blue) for metN and cydA DNA and 10:1 (red), 24:1 (green), and 48:1 (blue) for yjiE DNA (at 30 mm NaCl).

samples to aUC and monitored the sedimentation of Alexa
Fluor 488 DNA in the absence and presence of YjiE. Alexa Fluor
488 DNA sedimented with 5.1 S. Because we monitored DNA-
fluorescence, any shift in the s value reports on the interaction
of YjiE with the DNA. Upon titration of YjiE to DNA, the
amount of free DNA decreased, and we observed a shift toward
larger s values, demonstrating the formation of DNA-YjiE com-
plexes. YjiE interacted with all three DNA substrates; however,
the YjiE-yjiE DNA complex (8.7 S) was significantly smaller
compared with complexes between YjiE and c¢ydA and metN
DNAs (~16-20 S) (Fig. 4, A and B). This is in agreement with
the yjiE DNA vyielding the smallest FA amplitude. The 8.7 S
complex (Fig. 4B) fits to an YjiE-dimer bound to DNA (accord-
ing to two-dimensional spectrum analysis and simulations). 8 S
complexes were also populated in metN and cydA samples at
intermediate YjiE concentrations, whereas the larger ~16-20S
complexes were populated at high YjiE concentrations, sug-
gesting that target DNA might be bound by multiple YjiE mol-
ecules (presumably dimers). To exclude aggregate formation,
we subjected these samples to SDS-PAGE analysis and found
that YjiE was soluble after fractionation by centrifugation (see
Fig. 6A, inset, lanes 1 and 2). We conclude that YjiE exhibits the
ability to distinguish between target DNA and nonspecific
DNA (i.e. yjiE DNA) and forms distinct DNA-YjiE complexes.

YjiE Dissociates in Presence of DNA—In vitro, free YjiE sedi-
ments with ~11 S, but the DNA-YjiE complexes at a given
DNA:YjiE ratio sedimented with smaller s values. We also
detected smaller oligomers in vivo (see above), suggesting that
the dodecamer dissociates into smaller particles and that this
process might be DNA-driven. To visualize changes in YjiE
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oligomerization, we monitored the sedimentation of YjiE-flash”
in the absence and presence of unlabeled DNA. YjiE-flash™ (50
nM) sedimented with ~11 S in the absence of DNA. In the
presence of equimolar concentration of DNA, 3.7 and 5.5 S
particles occurred in addition to the 11 S particles (Fig. 5A4),
indicating dodecamer dissociation into dimers and tetramers in
the presence of DNA substrates.

The presence of considerably smaller oligomers was con-
firmed by analyzing samples containing YjiE and DNA by neg-
ative stain transmission electron microscopy (Fig. 5, B-D).
Smaller oligomers (i.e. ~80%) assembled into small, ring-like
structures, assumedly tetramers, with mean diameters of ~11
nm (Fig. 5, B-D). An overlay of the tetramer with the dodeca-
meric structure elements shows that the basic building block of
the dodecamer is likely to be a dimer (see colored substructures
in Fig. 5C; see also supplemental Fig. 1A4).

YjiE Forms Predominantly Smaller Oligomers in HOCI-
stressed E. coli Cells—Given that YjiE dissociates in the pres-
ence of DNA and to test whether and how YjiE is activated in
vivo, the oligomerization state of YjiE was analyzed in lysates
prepared from HOCI-stressed E. coli cells. To this end, E. coli
cells were labeled with FIAsH prior to the induction of yjiE-
flash expression (i.e. in vivo labeling). (Please note that yjiE-
flash was overexpressed, yielding ~100 times the wild-type lev-
els.) Shortly before cell lysis, cells were either treated with
HOCI or left untreated, and then the lysate prepared and ana-
lyzed by aUC. This ensured low and very similar YjiE levels
under both conditions. YjiE-flash” showed 3.8 S, 5.9 S, and 10.5
S particles in the absence of HOCI, which correspond to dimers,
tetramers, and dodecamers (Fig. 6A, black line). Similar species
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FIGURE 5. A, 50 nm yjiE DNA and 50 nm YjiE-flash™ (at 400 mm NaCl) were analyzed by aUC monitoring fluorescence. Dodecameric YjiE-flash™ alone (black line)
sedimented with ~11 S. YjiE-flash” dissociated into smaller oligomers with 3.7 Sand 5.5 S in the presence of DNA (red line), most likely representing dimers and
tetramers. B, electron microscopic image of YjiE (0.018 mg/ml, 50 mm NaCl) that was incubated with an equimolar ratio of 315 bp yjif DNA and stained with
uranyl acetate. Please note large oligomers (red) and smaller oligomers (green). Scale bar, 100 nm. C, upper panel: typical class average (top view) of YjiE tetramers
shown in B. The green overlay indicates the positions of YjiE dimers of an YjiE tetramer. Lower panel, red overlay indicating the positions of YjiE dimers on the
top view class average of an YjiE dodecamer. Inset, surface representation of the simulated tetrahedral three-dimensional structure. Scale bar, 10 nm.
D, distribution of oligomers shown in B.
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FIGURE 6. A, YjiE in HOCl-stressed cells forms a higher proportion of small oligomers compared with YjiE in non-stressed cells. yjiE-flash expressing cells were
in vivo FIAsH-labeled, and cultures were split and either left untreated (black line) or HOCl-stressed (2 mm, 5 min; red line) immediately before cell lysis. Then,
lysates were analyzed by aUC monitoring fluorescence. B, YjiE-His purified from HOCI-stressed cells (open circles) shows a higher DNA-binding capacity than
YjiE-His purified from non-stressed cells (filled circles) or in vitro HOCl-treated YjiE-His (HOCI:YjiE 10:1; squares). Binding of YjiE to Alexa Fluor 488 metN DNA was
monitored by FA. YjiE protein was not reduced prior to analysis and was added in 200 nm steps to 10 nm DNA. The change in FA was measured using a Jasco
FP-6500 fluorescence spectrometer. Inset, samples after FA analysis were spun, and the supernatant (7 and 3) and the pellet (2 and 4) were analyzed by
SDS-PAGE. Samples correspond to YjiE from non-stressed cells (7 and 2) and YjiE from HOCl-stressed cells (3 and 4).

were observed after HOCI stress, but their distribution was to a monomer (see supplemental Fig. 14). These small oligo-
shifted toward the smaller oligomers (Fig. 64, red line). An mers may represent the physiologically relevant species,
additional species was observed with 2.6 S, likely corresponding ~ whereas the dodecamer may be a storage form. Considering
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that YjiE-flash levels were ~100 times the wild-type levels, and
the oligomer distribution depends on the cellular YjiE concen-
tration, it seems reasonable that the effect of HOCI on YjiE
would be even stronger pronounced in wild-type cells.

YjiE Is Not Directly Activated upon HOCI Treatment in
Vitro—LTTRs are typically regulated by binding of and/or
modification by co-inducer molecules. To this end, we tested
whether the activation of the protective function of YjiE to
E. coli cells is by direct interaction of HOCI with YjiE. First,
purified YjiE was incubated with a 5-10-fold molar excess of
HOC], and its secondary and quaternary structure was exam-
ined for conformational changes. A 10-fold molar excess of
HOCI was found sufficient to activate the redox-regulated
chaperone Hsp33 and to cause major unfolding of the chaper-
one GrpE (8). In the case of YjiE, four of the five cysteines of YjiE
were oxidized as opposed to one to two oxidized cysteines in
untreated YjiE, which is due to air oxidation (as inferred from
Ellman’s assay). However, neither the secondary structure and
thermal stability nor the dodecameric ring-like conformation
of YjiE was altered significantly as shown by circular dichroism,
aUC, and negative stain transmission electron microscopy
(supplemental Fig. 3, A-D). Also, the ability of HOCl-treated
YjiE to interact with DNA was similar to the untreated protein
(Fig. 6B, squares and filled circles). (Note that samples were not
reduced prior to analysis.) indicating that neither binding of
HOCI to YjiE nor oxidation of cysteine residues per se are suf-
ficient to activate YjiE in vitro. Similarly, purified YjiE that was
treated with reaction products of HOCI with iron (to generate
hydroxyl radicals) and ammoniumchloride or Tris (to generate
chloramines) showed a low DNA-binding activity (data not
shown).

Next, we overexpressed and purified YjiE from HOCI-
stressed cells (YjiE-HOCI). Similar to YjiE purified from
unstressed cells, YjiE-HOCI formed a dodecamer in solution
(data not shown) and exhibits a secondary structure that is very
similar to untreated YjiE, indicating that no major structural
and conformational changes occurred (data not shown). In
sharp contrast to purified YjiE that was HOCl-treated in vitro,
YjiE-HOCI showed a high change in anisotropy that was signif-
icantly larger than that of untreated YjiE (Fig. 6B, filled circles).
(Note that samples were not reduced prior to analysis.) This
indicates formation of large DNA-YjiE complexes and is sug-
gestive for YjiE activation in HOClI-stressed E. coli cells. It is
noteworthy to add that neither YjiE nor YjiE-HOCI showed any
aggregation in the time course of the experiments, thus indicat-
ing that the detected changes in FA did probably not arise from
aggregate formation (Fig. 6B, inset).

DISCUSSION

ROS damage macromolecules and cells, therefore making it
pivotal for cells to employ response systems that are specifically
activated by the ROS inflicting stress. Here, we identified E. coli
YjiE as the first transcription factor specifically protecting cells
from HOCI-derived killing. YjiE was described recently as cell
density-dependent motility repressor, QseD (33). However, in
this work, we did not observe an effect of YjiE on the motility of
various E. coli strains (data not shown). YjiE is specific for HOCI
and notactivated upon H,O, or diamide stress. This makes YjiE

FEBRUARY 24, 2012 +VOLUME 287+NUMBER 9

Novel Oxidative Stress Transcription Factor

a very specific defense molecule for strong oxidative stress as
HOCI is much more reactive toward amino acids than those
ROS and causes oxidative protein unfolding (9, 34). In contrast
to the specific activation of YjiE, a recent transcriptome study in
Bacillus subtilis identified the regulator OhrR to be inactivated
by HOCI. In this case, HOCI causes S-bacillithiolation of OhrR
thus inactivating its repressor function and concomitantly up-
regulating o/irA, which encodes a peroxiredoxin (35). Consid-
ering that OhrR is also inactivated by organic hydroperoxides
leading to S-cysteinylation (36), this suggests that OhrR does
not specifically respond to HOCI per se but is responsive to
reactive species causing oxidation of cysteines to sulfenic acid
that can form mixed disulfides.

YjiE appears to be activated in HOCl-stressed cells but not in
vitro by HOCl directly. This may suggest that activation of YjiE
is caused by some reaction product of HOCI with a cellular
component or by subtle conformational changes that are suffi-
cient for increased DNA binding but could not be detected by
CD spectroscopy. Also, YjiE seems to be exclusively regulated at
the level of activity. As the activation of already existing YjiE
molecules is much faster than the synthesis of new YjiE, YjiE
should be able to regulate the transcription of specific genes
before cells are irreversibly damaged by HOCI. This fits well to
the kinetics of action of HOCI, which damages cells within sec-
onds (37) and activates the molecular chaperone Hsp33 quickly
9).

Most LTTRs are believed to form tetramers from a dimer of
dimers (16). YjiE is an oligomerically versatile molecule. We
observed dimers-tetramers-dodecamers with large oligomers
dissociating to smaller ones in the presence of DNA. Binding of
YjiE to DNA occurs very quickly (see supplemental Fig. 1D)
with the DNA binding competent small oligomers being poten-
tially quickly removed from the small oligomer-dodecamer
equilibrium, thus leading to dissociation. This has not been
observed for a transcription factor before and may be unique
for YjiE. The advantage may be that once the cellular YjiE level
exceeds a certain threshold, YjiE molecules form a dodecameric
storage form that can dissociate and become activated quickly
on demand. Yet, the main building block of YjiE is likely a
dimer, similar to other LTTRs. Dimers may associate to tetram-
ers that apparently represent the DNA-binding state in the case
of YjiE, with their ratio being determined by the cellular YjiE
level or the availability of target genes. Based on the observation
that YjiE showed similar affinity but forms different complexes
with nonspecific or target DNA, it appears that the regulation of
transcriptional activity of target genes may predominantly
involve acquisition of the right amount of YjiE molecules into
the functional complex. However, the exact mechanism of YjiE
activation needs yet to be unraveled.

Similar to the other E. coli oxidative stress transcription fac-
tors OxyR and SoxR, YjiE is specifically activated by a ROS.
Regulation of many genes is also similar to OxyR and SoxR
because the inflicted damage is multifaceted, yet it is unusual
for LTTRs that typically regulate only few genes (16). For SoxR
and OxyR, the corresponding gene products decrease the
extent of intracellular oxidative stress (e.g. catalase, superoxide
dismutase) and repair damaged macromolecules (15, 38). YjiE
differs from OxyR and SoxR as it does not regulate genes that
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are apparently involved in the degradation of ROS. Whether the
genes with unknown function play a central role in the protec-
tion of E. coli from HOCI stress needs to be analyzed. The main
focus of the response orchestrated by YjiE appears to generally
decrease the intracellular load of ROS by replenishing methio-
nine and cysteine and down-regulating Fur-regulated genes
involved iniron acquisition. OxyR and SoxR activate fir expres-
sion upon H,O, or superoxide (i.e. redox-cycling drugs (14))
treatment by ~10-fold, leading to a 2-fold increase in Fur pro-
tein (39). Although Fur-RNA levels were only slightly increased
upon HOCI stress (as inferred from gene expression analysis
and qRT-PCR; data not shown), this indicates that the control
of iron homeostasis in E. coli is an integral part of the antioxi-
dant defense response. In the case of HOCl stress, some but not
all Fur-controlled genes are affected, suggesting some kind of
fine-tuning of iron homeostasis that is facilitated by YjiE.
Whether YjiE regulates genes directly or maybe in cooperation
with another regulator is unclear as of now and needs to be
analyzed.

Invitro and in vivo, HOCI can undergo Fenton reaction in the
presence of iron generating cytotoxic hydroxyl radicals that
cause cell damage (3, 4). One could speculate that HOCl-in-
duced oxidative protein unfolding (9) damages iron-containing
proteins, thereby increasing free iron levels and requiring
immediate regulation of iron homeostasis genes. However,
such increased iron levels after HOCI stress are not evident
from our analysis, in contrast to the increase observed upon
H,0, stress (40). Even if HOCl stress increased iron levels, YjiE
potentially does not directly affect intracellular free iron levels,
considering that it acts as a repressor of iron acquisition genes.
Repression is a slow-acting process; even though transcription
and protein synthesis are repressed, cellular protein levels will
remain similar until the respective protein is degraded or
diluted out by cell growth.

To summarize, we identified the first, to our knowledge, bac-
terial transcription factor that specifically protects E. coli cells
from HOCI stress but not peroxide or diamide stress. YjiE is
present in proteobacteria and eukaryotes, suggesting that YjiE-
mediated protection from HOCI stress arose early in evolution
and is maintained throughout the kingdoms.
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