
Methionine oxidation activates a transcription factor
in response to oxidative stress
Adrian Drazic, Haruko Miura, Jirka Peschek, Yan Le, Nina C. Bach, Thomas Kriehuber, and Jeannette Winter1

Center for Integrated Protein Science Munich, Department Chemie, Technische Universität München, 85747 Garching, Germany

Edited by Gisela Storz, National Institutes of Health, Bethesda, MD, and approved April 26, 2013 (received for review January 10, 2013)

Oxidant-mediated antibacterial response systems are broadly used
to control bacterial proliferation. Hypochlorite (HOCl) is an important
component of the innate immune system produced in neutrophils
and specific epithelia. Its antimicrobial activity is due to damaging
cellular macromolecules. Little is known about how bacteria escape
HOCl-inflicted damage. Recently, the transcription factor YjiE was
identified that specifically protects Escherichia coli fromHOCl killing.
According to its function, YjiE is now renamed HypT (hypochlorite-
responsive transcription factor). Here we unravel that HypT is acti-
vated by methionine oxidation to methionine sulfoxide. Interest-
ingly, so far only inactivation of cellular proteins by methionine
oxidation has been reported. Mutational analysis revealed three
methionines that are essential to confer HOCl resistance. Their simul-
taneous substitution by glutamine, mimicking the methionine sulf-
oxide state, increased the viability of E. coli cells upon HOCl stress.
Triple glutamine substitution generates a constitutively active HypT
that regulates target genes independently of HOCl stress and perma-
nently down-regulates intracellular iron levels. Inactivation of HypT
depends on themethionine sulfoxide reductases A/B. Thus, microbial
protection mechanisms have evolved along the evolution of antimi-
crobial control systems, allowing bacteria to survive within the
host environment.
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Reactive oxygen species (ROS) are bactericidal key effector
molecules of the immune system, and are also produced by

mucosal barrier epithelia (1, 2). Hypochlorite (HOCl) is a ROS
with strong antimicrobial activity and oxidizing potential. It readily
reacts with cellular macromolecules and particular proteins, giv-
ing rise to proteome-wide protein unfolding (3) and protein oxi-
dation (4–10). Preferential oxidation of sulfur in cysteine (Cys)
and methionine (Met) residues is a major reason for the reduced
viability of cells uponHOCl exposure (5, 6). Dedicated reductases
aid in restoring reduced proteins; thioredoxin and glutaredoxin
reduce oxidized Cys thiols (11), and methionine sulfoxide reduc-
tases reduceMet-sulfoxide (Met-SO) back toMet (12, 13). Tissue
cells are also damaged by HOCl. Neutrophil-mediated over-
production of HOCl is thought to contribute to the pathology of
diseases such as chronic inflammation, cancer, and arterioscle-
rosis (14, 15). However, HOCl-activated protective mechanisms
are only beginning to be identified. The conserved redox-regu-
lated chaperone heat shock protein Hsp33 (16) is activated by Cys
oxidation in combination with intrinsic unfolding upon HOCl
stress and thus prevents the aggregation of cellular proteins (3).
The Bacillus subtilis MarR-type DNA-binding transcriptional re-
pressor hypochloric acid-specific regulator HypR is activated by
disulfide-bond formation and confers protection against HOCl via
the flavin oxidoreductase HypO (17). The TetR-type regulator N-
ethylmaleimide reductase repressor (NemR) from Escherichia
coli undergoes Cys oxidation upon exposure to HOCl and causes
derepression of encoding glyoxalase I (gloA) and encoding N-
ethylmaleimide reductase (nemA) that were shown to confer
HOCl resistance (18). HypT (hypochlorite-responsive transcrip-
tion factor) is an HOCl-specific lysine regulator (LysR)-type
regulator that protects E. coli cells specifically from HOCl killing

(19). It regulates many genes, most notably genes involved in Met
and Cys biosynthesis and iron acquisition (19). However, how
HypT is activated has remained enigmatic so far. Here we show
that HOCl activates the transcription factor HypT by oxidation of
Met to Met-SO, which can be reversed by methionine sulfoxide
reductase (Msr)A and MsrB. Thus, HypT is a specialized tran-
scription factor that protects cells fromHOCl stress after activation
by the thus far known inactivating Met oxidation.

Results
HypT Is Oxidized in Response to HOCl Stress. HypT protects E. coli
cells from HOCl-mediated killing (19). To analyze how HypT is
activated by HOCl, we purified HypT from HOCl-stressed cells and
analyzed its activity and potential posttranslational modifications
(PTMs). Cells growing in LB medium were stressed with 2–3 mM
HOCl. There, HypT target genes such as metN, cysH, and metB
are induced or repressed (fecD) (19). Gene regulation is already
pronounced at 2 mMHOCl, at which cells are mildly stressed and
able to recover from stress quickly. The strongest regulation oc-
curred in wild-type cells at 10–15 min at 2.5–2.75 mMHOCl stress
(Fig. 1A; shown for MetN RNA). At 3 mM HOCl, however, gene
regulation is not very pronounced. Cells are 100% viable during
the time course of the experiments, yet they are significantly
stressed and quickly lose viability with prolonged duration of
stress (Fig. S1).
The DNA-binding activity of HypT was analyzed by fluorescence

anisotropy (FA) using fluorescent-labeled metN-promoter DNA
(19). DNA binding was high when HypT was isolated from HOCl-
stressed cells compared with unstressed cells. The maximumDNA-
binding activity was observed after 10 min at 2.75 mM HOCl (Fig.
1B), at which strongHypT-dependent regulation of target geneswas
also observed (19) (Fig. 1A; compare wild-type and hypT− cells).
We subjected HypT purified from unstressed and HOCl-

stressed (HypT-HOCl2.75mM) cells to proteolytic digests and ana-
lyzed the nature and localization of PTMs in HypT by LTQ Orbi-
trap mass spectrometry (MS). Sample preparation was performed
under anaerobic conditions to eliminate spontaneous and non-
specific oxidation reactions in vitro.We found oxidation atMet and
Cys residues (Fig. 1C). Met123 was oxidized toMet-SO exclusively
upon HOCl stress, whereas oxidation of Met1, Met230, and
Met284 increased upon HOCl stress (Fig. 1C). Met1 and Met123
also showed dioxidation to Met-sulfone, yet with a very low de-
tection frequency (<0.2% of all detected peptides). Met206 and
Met280, in contrast, were only detected in the reduced state (Fig.
1C), and with an overall very low detection frequency (<0.2% of
all detected peptides), likely because they are not well-ionized.
Therefore, the numbers for Met206 and Met280 given in Fig. 1C
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should be taken with caution. Further oxidations occurred at Cys
residues preferentially after HOCl treatment (Fig. 1C; all Cys-
oxidized peptides combined). We identified mono-, di-, and tri-
oxidation at Cys, but no S-thiolation such as S-cysteinylation that
was identified in the organic peroxide sensor OhrR (20). Con-
sidering that oxidized Cys was also observed in in vitro HOCl-
treatedHypT that showed very lowDNA-binding activity (19), we
assume that such oxidation is not responsible for increased HypT
activity. To further assess activation of HypT, we treated S-glu-
tathionylated HypT with HOCl in vitro, allowing us to discrimi-
nate between Cys and Met oxidation. S-glutathionylated HypT
was incubated with HOCl at a molar ratio of HOCl to protein of
4:1–7:1, and then Cys was reduced and DNA-binding activity and
PTMs were analyzed (Fig. 1D). HypT showed the same low
DNA-binding activity as HypT isolated from unstressed cells at
a 4:1 and 5:1molar ratio and completely aggregated at a 7:1molar
ratio. At a 6:1 molar ratio, however, HypT showed an increased
DNA-binding activity that was similar to that of HypT-
HOCl2.75mM (Fig. 1D). Such in vitro activated HypT contained
Met-SO to a somewhat different extent compared with HypT-
HOCl2.75mM (Fig. 1D). Most notably, Met123 was found exclu-
sively in the Met-SO state. The fraction of Met230-SO was much
higher and the fraction of Met1-SO and Met284-SO much lower
than inHypT-HOCl2.75mM. This indicates that the responsiveness
of Met to HOCl oxidation is influenced by the reaction con-
ditions, namely in vivo or in vitro oxidation, and that HypT is
a very sensitive HOCl-specific regulator.

Met123, Met206, and Met230 Are Important for HypT Activity. To
analyze the contribution of individual Cys and Met residues to
HypT activity, we generated point mutants in which Met residues
were substituted by isoleucine or glutamine and Cys residues
were replaced by serine. Replacing Met with glutamine mimics
the Met-SO state and should result in a constitutively active
HypT, whereas isoleucine substitution mimics the reduced Met
and should result in inactive HypT (21, 22). Cys substitution by
serine should impair their potential redox-regulatory function

(23). The expression levels of all mutants were similar (M→Q/I
mutants: ±10% of wild-type levels; C→S mutants: ±35% of wild-
type levels), allowing comparison of viability values directly.
M→Q mutants showed wild-type–like survival upon HOCl stress,
indicating that themutants are functional (compare Fig. 2, panelA
with B). However, the individual substitution of Met123, Met206,
or Met230 by isoleucine rendered the proteins unable to confer
HOCl resistance (Fig. 2C). This is in contrast to substitution of
Met280 andMet284 by isoleucine, which resulted in wild-type–like
survival upon HOCl stress (Fig. 2C). This suggests that Met123,
Met206, and Met230 are important, whereas Met280 and Met284
are not required, for the activity of HypT. All C→S mutants con-
ferred wild-type–like HOCl resistance, indicating that none of the
Cys is essential for activity, and therefore is not involved in HypT
activation (Fig. 2D).
To further assess the role of Met123, Met206, and Met230 in

HypT function, we generated HypT mutants in which all three
residues were replaced simultaneously by either glutamine
(M123,206,230Q) or isoleucine (M123,206,230I). We analyzed
their ability to confer HOCl resistance and regulate target genes
upon HOCl stress in comparison with wild-type HypT and the
control strain harboring an empty plasmid instead of expressing
hypT or a mutant. The expression level of both mutants was
similar to that of wild-type hypT (+8% and +17% of wild-type
levels). Expression of hypTM123,206,230Q conferred HOCl resistance
and resulted in a strong regulation ofMetN,CysH,MetB, andFecD
RNA levels upon HOCl stress (Fig. 3 A and B), which was com-
parable to hypT-expressing cells and suggests that the triple M→Q
mutant is functional. The triple M→I mutant, in contrast, showed
control-like viability and target gene regulation (Fig. 3 A and B),
demonstrating that the protein is inactive. This shows that triple
M→Q substitution retains the activity of HypT upon HOCl stress,
whereasM→I substitution ofMet123,Met206, andMet230 renders
HypT inactive.
HypT is a dodecameric, ring-like protein that sediments at 10.6 S

when analyzed by analytical ultracentrifugation (aUC) (19).
Given that HypT dissociates in the presence of DNA to form
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Fig. 1. HypT activation in response to
HOCl stress. (A) Analysis of MetN RNA
levels in HOCl-stressed C600 and C600
hypT− cells as indicated. Cells showed
100% viability during stress. Shown are
the results of one representative experi-
ment. (B) DNA binding of HypT purified
from unstressed and HOCl-stressed BL21
(DE3) cells as determined by FA. Protein
was added stepwise to 10 nM Alexa
Fluor 488–158-bp metN-promoter DNA.
Results are expressed as mean ± SD (n =
3). (C) Fraction of oxidized HypT peptides
relative to the total number (n) of pep-
tides with the respective residue. Pep-
tides were identified by MS analysis of
proteolytic digests of HypT and HypT-
HOCl2.75mM. For details, see SI Experi-
mental Procedures. (D) In vitro activa-
tion of HypT. S-glutathionylated HypT
was incubated with HOCl at a 6:1 molar
ratio (HOCl:protein). DNA-binding ac-
tivity was analyzed by FA. Results are
shown as mean of anisotropy (r) ± SD
(n = 3). r = 0.072 ± 0.001 for in vitro
activated HypT. For comparison, r =
0.017 ± 0.013 (HypT) and r = 0.082 ±
0.013 (HypT-HOCl2.75mM). The fraction
of Met-SO–containing HypT peptides was
determined relative to the total number
(n) of peptides with the respective Met.
Met206 was not detected (n.d.).
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DNA-binding active dimers and tetramers and shows a shift in
oligomer distribution when analyzed in lysates from HOCl-
stressed cells (19), we analyzed the oligomerization state of the
triple mutants compared with HypT-HOCl2.75mM by aUC.
HypT-HOCl2.75mM, M123,206,230Q, and M123,206,230I
formed onemain species, with 6.7–7.6 S probably corresponding to
a tetramer (Fig. 3C). Thus, active HypT (i.e., HypT-HOCl2.75mM)
and Met mutants comprise an oligomerization state that is differ-
ent from the wild-type HypT from unstressed cells, suggesting that
the Met residues are important for the quaternary structure
of HypT.

Substitution of Met123, Met206, and Met230 by Glutamine Renders
HypT Constitutively Active.Assuming thatMet oxidation activates
HypT and glutamine substitution mimics the Met-SO state,
a triple M→Q substitution should generate a constitutively
active HypT, being able to regulate target genes independently
of HOCl stress. Therefore, hypT− cells harboring an empty
plasmid (control) and cells carrying a plasmid containing wild-
type hypT, hypTM123,206,230Q, or hypTM123,206,230I were culti-
vated in the absence of arabinose. Then, arabinose was added
to induce expression of plasmid-encoded hypT mutants and
trigger potential HypT-dependent gene regulation (i.e., metN,
cysH, metB, and fecD). Expression of hypTM123,206,230Q resulted
in a strong regulation of target genes with a maximum reached at
20–40 min after arabinose induction. In contrast, the levels of
target RNA were less or not affected upon expression of wild-

type hypT and hypTM123,206,230I (Fig. 4A). We concluded that
M123,206,230Q is constitutively active and regulates target gene
expression irrespective of the presence of HOCl stress, whereas
wild-type HypT and the isoleucine mutant are inactive.
To further examine the activity of M123,206,230Q, we analyzed

the intracellular levels of free, unincorporated iron by electron
paramagnetic resonance spectrometry (EPR) (24). We hypothe-
sized that when M123,206,230Q constitutively down-regulates
RNAs related to iron acquisition such as FecD (Fig. 4A) (19), this
should concomitantly result in decreased intracellular iron levels.
Confirming our considerations, cells expressing hypTM123,206,230Q

showed 49 ± 13% lower unincorporated iron levels than cells
expressing wild-type hypT (Fig. 4B).
Deriving from this observation, we further considered that

low intracellular iron levels should generate fewer hydroxyl
radicals via the Fenton reaction. To test this, we used a recA−

strain (RecA is a DNA strand exchange and recombination
protein) that is strongly impaired in DNA repair (25). A recA−

strain suffers from increased DNA damage upon H2O2 stress
(26) due to damage to iron-containing proteins and concomi-
tantly increased hydroxyl radical formation by free iron and
H2O2 (27). A recA− strain with constitutively lower iron levels
should thus survive H2O2 stress better. This assay takes advan-
tage of the fact that H2O2 does not activate HypT, as opposed
to HOCl (19). We challenged recA− hypT− strains expressing
wild-type hypT or hypTM123,206,230Q with H2O2 and analyzed
their viability in a time-dependent manner. The hypTM123,206,230Q-
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Fig. 3. M→Q substitution retains activity, whereas
M→I substitution inactivates HypT. (A) Viability as-
say of C600 hypT− cells carrying an empty pBAD22
(control) or expressing hypT, hypTM123,206,230Q, and
hypTM123,206,230I after treatment with 3.5 mM HOCl.
Results are expressed as mean ± SD (n ≥ 4). (B)
Analysis of MetN, CysH, MetB, and FecD RNA levels
in cells described in A after HOCl stress (2.75 mM,
10 min) by qRT-PCR. Results are expressed as mean ±
SD (n ≥ 3). (C) Analysis of the oligomerization state
of HypT-HOCl2.75 mM (black), M123,206,230Q (blue),
M123,206,230I (green), and wild-type HypT (red)
purified from BL21(DE3) cells by aUC.
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expressing strain showed an up to two orders of magnitude in-
creased viability upon H2O2 stress compared with the control
and the strain expressing wild-type hypT (Fig. 4C), even though
the expression level of hypTM123,206,230Q was 38% lower than that
of cells expressing wild-type hypT. We also applied this assay to
reevaluate the individual contribution of Met123, Met206, and
Met230 to HypT activity. Expression of single or double M→Q
mutants in recA− hypT− cells yielded similar levels of recombinant
protein (±10% of wild-type levels) and did not confer any consti-
tutive activity but rather a control-like viability upon H2O2 stress
(Fig. S2). This demonstrates that only triple substitution of Met123,
Met206, and Met230 by glutamine renders HypT constitutively
active and constitutively decreases free intracellular iron levels.
Further supporting this assumption, themutantM123,206,230Q

showed a similarly high DNA-binding activity toward metN-pro-
moter DNA as HypT-HOCl2.75mM (Fig. 4D). Additional sub-
stitution of Met284 (M123,206,230,284Q) resulted in comparable
DNA-binding activity as M123,206,230Q, confirming that Met284
is not important for activity (Fig. 4D). M123,206,230I, in con-
trast, showed wild-type–like DNA-binding activity. Even when
M123,206,230I was isolated from HOCl-stressed cells, DNA-
binding activity was low, further proving that the isoleucine
mutant is inactive and cannot be activated by potential addi-
tional PTMs. To analyze the specificity of DNA binding, the
same experiments were performed using hypT-promoter DNA
(nonspecific DNA) by taking advantage of the fact that HypT
does not autoregulate its expression (19). Confirming the previous
observations, the mutant M123,206,230Q showed a similarly low
DNA-binding activity as HypT-HOCl2.75mM toward hypT-promoter
DNA (Fig. 4D), demonstrating that HypT and M123,206,230Q are
able to distinguish between target DNA (metN) and nonspecific
DNA (hypT) by forming distinct DNA–HypT complexes (19).

MsrA and MsrB Reverse Met Oxidation and Inactivate HypT. PTMs
involved in redox regulation aremostly reversible.MsrA andMsrB
reduce Met-SO back to Met (12, 13). Therefore, we analyzed the
inactivation of HypT inE. coli msrA+msrB+ (Fig. 5A–C) ormsrA−

msrB− cells expressing hypT from a plasmid (Fig. 5 D–F). Samples
were removed during HOCl stress (2.75 mM, 10 min) and then
HOCl was quenched and cells were allowed to recover (Fig. 5 A–F

and Fig. S3A) or cells remained HOCl-stressed (no quenching of
HOCl; Fig. S3 B–E). Of note, MsrB protein levels are similar ±
HOCl (Fig. S3F). Then, either RNA was isolated for quantitative
(q)RT-PCR or HypT was purified for DNA binding and MS
analysis. Inactivation of HypT in msrA+ msrB+ cells occurred
quickly after the HOCl stress was quenched (Fig. 5 A–C). HypT-
dependent regulation of MetN RNA levels was relieved quickly
after HOCl stress and paralleled the levels observed for the control
strain carrying an empty plasmid (Fig. 5A, time constant t = 3.13
and 3.17 min). The DNA-binding activity of active HypT de-
creased with t = 14 min (Fig. 5B), which was paralleled by the
reduction of Met1-SO, Met123-SO, Met230-SO, and Met284-SO
(Fig. 5C). Differences in the kinetics of decreases in RNA levels
and inactivation of HypT may be derived from strongly different
hypT expression levels in C600 and BL21(DE3) cells (SI Experi-
mental Procedures). In sharp contrast, no inactivation ofHypT was
observed inmsrA−msrB− cells. Relief ofMetNRNA regulation in
msrA− msrB− control cells was similar to the wild-type strain (Fig.
5D, t = 4 min). This indicates that the decrease in target RNA
levels is partially independent ofHypT, similar to the regulation of
target genes uponHOCl stress that is also partially independent of
HypT (Figs. 1A and 3B). However, a protracted decrease inMetN
RNA levels was observed in msrA− msrB− cells expressing hypT,
and RNA levels remained at about 70% of this during stress (Fig.
5D). Further, the DNA-binding activity remained similar during
recovery (Fig. 5E) and no Met-SO reduction was observed (Fig.
5F). Thus, we conclude that MsrA and MsrB are vital for the in-
activation of HypT in vivo and thus its reversible activation.
When HOCl was not quenched and cells remained HOCl-

stressed, MetN RNA levels decreased much more slowly than in
quenched samples and the DNA-binding activity of HypT
remained at the activated level (Fig. S3 B–E). In hypT− msrA+

msrB+ cells, MetN RNA levels remained high for 4 min before
decreasing with t = 5.65 min and t1/2 = 5 min (control) and t = 6.84
min and t1/2 = 15.8 min (+hypT) (Fig. S3B). This protracted de-
crease of MetN RNA levels in hypT-expressing cells likely reflects
the time cells require to reestablish redox homeostasis and recover
catalytically active Msr that can inactivate HypT. In hypT− msrA−

msrB− cells, in contrast, MetN RNA levels remained at about 60–
70% of the stress level (Fig. S3D), indicating that functional
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C600 hypT− cells carrying an empty pBAD22 (control) or
expressing hypT and hypTM123,M206, M230Q, as determined by
EPR. Results are expressed as mean ± SD (n ≥ 3). (C) Viability
assay of C600 recA− hypT− cells carrying an empty pBAD22
(control) or expressing hypT and hypTM123,206,230Q after
treatment with 2 mM H2O2. Results are expressed as
mean ± SD (n ≥ 11). (D) DNA binding of HypT, HypT-
HOCl2.75 mM, M123,206,230Q, M123,206,230,284Q,
M123,206,230I, and M123,206,230I-HOCl2.75mM purified
from BL21(DE3) cells as determined by FA. Results are
expressed as mean ± SD (n ≥ 3).
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MsrA/MsrB are required for complete relief of HOCl-induced
MetN RNA regulation.
Additionally, HypT purified from HOCl-stressed cells was in-

cubated with MsrA/MsrB and DTT in vitro and DNA-binding
activity and Met oxidation were analyzed. As a control, samples
were treated with DTT alone or with MsrA/MsrB in the absence
of DTT. MsrA/MsrB require reductive conditions for catalytic
activity and, thus, lack of reductive conditions inhibits Met-SO
reduction in a substrate (28). DTT alone and MsrA/MsrB treat-
ment alone altered neither the DNA-binding activity nor the Met-
SO levels of HypT-HOCl2.75mM (Fig. 5H). MsrA/MsrB and DTT
treatment of HypT-HOCl2.75mM, however, resulted in decreased
DNA-binding activity (Fig. 5G) and reduction of Met-SO to Met
(Fig. 5H). However, not all Met was completely reduced. This
may be explained by limited access of MsrA/MsrB to Met-SO at
the chosen conditions, and may explain why the DNA-binding
activity after MsrA/MsrB treatment was still higher than that of
HypT purified from unstressed cells. Taken together, we show
that Met123, Met206, and Met230 of HypT function as oxidative
stress sensors and become oxidized upon HOCl treatment to
activate the transcription factor.

Discussion
HypT is a redox-regulated transcription factor and is suited per-
fectly to protecting cells against the consequences of HOCl stress.
Even though HOCl is highly reactive and causes extensive in-
activation and aggregation of proteins (3, 5, 29), it activates HypT.
HypT is particularly sensitive to HOCl-dependent oxidation. In
vitro activation of HypT requires as little as a 6:1 molar ratio of

HOCl toHypT. ThismakesHypT similarly sensitive to activation by
HOCl as the chaperone Hsp33, which is activated in vitro at a 10-
foldmolar excess of HOCl to protein (3). HOCl activation of HypT
involves defined oxidative modifications of Met residues, which are
reversible by MsrA/MsrB upon return to nonstress conditions. The
requirement for simultaneous oxidation of three Met residues may
be the reason why H2O2 was unable to activate HypT; the oxidizing
power of H2O2 is apparently not high enough for HypT activation.
The reactivity of HOCl and H2O2 with Met in a protein differs
tremendously [3.8 × 107 M−1·s−1 and 3 × 10−2 M−1·s−1, respectively
(30)], suggesting that the ability of HOCl to oxidize and activate
HypTquickly is derived from its high activity. It should benoted that
Met can indeed serve as an H2O2 sensor and become oxidized to
regulate protein function. H2O2-mediated Met oxidation inacti-
vates calmodulin (21, 31), whereas it activates calmodulin kinase II
in mammalian cells (32). Thus, Met apparently functions as a spe-
cific HOCl sensor in HypT, responding to a defined range of HOCl
that is capable of oxidizing all three Met residues at the same time.
Simultaneous substitution of Met123, Met206, and Met230

by glutamine generates a constitutively active HypT. The
M123,206,230Q mutant regulates target genes independently of
HOCl stress. In contrast, M123,206,230I neither conferred HOCl
resistance nor regulated target genes. Even when M123,206,230I
was purified from HOCl-stressed cells (M123,206,230I2.75mM; Fig.
4D), it showed the same low DNA-binding activity as HypT puri-
fied from unstressed cells. This shows that Cys oxidation in HypT,
which occurs in HOCl-stressed cells, is not involved in HypT ac-
tivation. M123,206,230Q decreased intracellular free-iron levels,
providing further evidence for its constitutive activity. The tight
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Fig. 5. HypT is inactivated by MsrA/MsrB. (A–F) E. coli
msrA+ msrB+ cells (A–C) and msrA− msrB− cells (D–F)
were treated with HOCl (2.75 mM, 10 min). Then, five-
fold concentrated LB medium (20% of the volume of
cells) was added to quench HOCl and relieve the stress
immediately and to replenish nutrients. Samples were
removed at the indicated time points. (A and D) MetN
RNA levels in stressedandquenchedcells (A: C600msrA+

msrB+ hypT−; D: C600 msrA− msrB− hypT−) either carry-
ing an empty pBAD22 (control, closed symbol) or
expressing hypT from pBAD22 (open symbol) by qRT-
PCR. Shown are mean ± SD (n = 3). Shown are relative
values; thehighest value inone set of sampleswas set to
1. MetN RNA levels decreased with (A) time constants
of ca. 3.1minand t1/2 ca. 2.5minand (D) t=3.95minand
t1/2 = 4 min (control). No reliable kinetic parameters for
MetN RNA levels could be calculated for hypT-express-
ing cells in D because they remained at ca. 70% of the
stress level. (BandE)DNAbindingofHypTpurifiedfrom
stressed and quenched (15 and 30min after addition of
LB medium) BL21(DE3) cells (B: msrA+ msrB+; E: msrA−

msrB−) as determined by FA. Results are expressed as
mean ± SD (n = 3). FA values in B decreased with t = 14
min (single exponentialfit). (C and F) Fraction ofMet-
SO–containing peptides relative to the total number
of peptides with the respective Met and Met-SO.
Peptides were identified byMS analysis of proteolytic
digests of HypT purified from unstressed (white bar),
stressed (gray), and quenched (striped) BL21(DE3)
cells (C: msrA+ msrB+; F: msrA− msrB−). (G) DNA
binding of HypT, HypT-HOCl2.75 mM, and HypT-
HOCl2.75 mM treated with DTT, and HypT-HOCl2.75 mM

[all purified fromBL21(DE3) cells] after DTT andMsrA/
MsrB treatment as determined by FA. Results are
expressed as mean ± SD (n ≥ 3). (H) Fraction of Met-
SO–containing peptides relative to the total number
of peptides with the respective Met and Met-SO.
Peptides were identified byMS analysis of proteolytic
digests of HypT-HOCl2.75 mM purified from BL21(DE3)
cells and treated with DTT (white), MsrA/MsrB (gray),
and combined DTT and MsrA/MsrB (striped).
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regulation of intracellular free-iron levels appears to be a key to
limiting formation and accumulation of reactive and destructive
species such as hydroxyl radicals, which are formed in a Fenton-
type reaction.
Amino acids involved in a defined activity regulation scheme

would be expected to be conserved [e.g., the active-site Cys in
Hsp33, oxidative stress regulator OxyR, NemR, andHypR (16–18,
33), and the Met in calmodulin kinase II (32)]. However, only
M230 andM206 of HypT are located in a highly conserved region;
M230 is conserved, whereasM206 is partially conserved andM123
is fairly variable (see alignment in ref. 19). The structure ofHypT is
not known. To assess the potential localization of theMet residues
in HypT, we performed a secondary structure and disorder pre-
diction and aligned the HypT sequence with that of the LysR-type
transcription factor OxyR from E. coli. Further, we modeled the
HypT structure using the structure prediction software Phyre 2 (34)
and compared it with the structure of reduced OxyR from E. coli
(33) (Fig. S4). According to the secondary prediction (Fig. S4A) and
the structural model (Fig. S4C), M123 in HypT would be located at
the end of an α-helix. M206 in HypT would be located in the redox
loop in OxyR where the active-site Cys208 is located, and M230 in
HypT would be located next to a β-sheet in OxyR. Both the redox
loop and the β-sheet undergo major conformational changes upon
OxyR oxidation (33). The β-sheet forms a pseudohelical loop after
OxyR oxidation and is important for dimer interaction (33). M205
in the redox loop of OxyR corresponds toM206 inHypT (Fig. S4B)
and is important for tetrameric interactions in reduced and oxidized
OxyR and thus in oxidation-mediated changes in DNA binding (33).
One could speculate that, if HypT and OxyR are indeed struc-
turally similar, oxidation-mediated conformational rearrange-
ments in HypT alter contacts within the dimer/tetramer. This may
alter HypT binding to target DNA and activate HypT. Support for
this consideration may be derived from the oligomerization state
of HypT-HOCl2.75mM and M123,206,230Q. Both proteins form
tetramers instead of dodecamers, as observed for wild-type HypT
(19). It appears that the activeHypT protein needs to be present in

a tetrameric state to be able to bind efficiently to target DNA.
Thus, shifting the equilibrium toward the active oligomeric state
may be beneficial for activity. However, this shift alone is not suf-
ficient for activity because it was also observed for M123,206,230I.
Taken together, we provide evidence that bacteria have evolved

a transcription factor well-suited to protect them from HOCl
killing during the innate immune response. This indicates a unique
concept of redox regulation and reversible activation of a response
molecule by HOCl-derived Met oxidation.

Experimental Procedures
Deletion strains and HypT mutants were generated via standard procedures
(Table S1). Cultivation of strains, viability assays, protein purification, analysis
of DNA binding using Alexa Fluor 488–158-bp DNA and unlabeled HypT
variants, aUC analysis, and qRT-PCR were performed exactly as described (19).
Modified residues were identified by MS analysis after proteolytic digest
under anaerobic conditions using an LTQ Orbitrap XL (Thermo Scientific). In
vitro HOCl treatment of HypT was performed using S-glutathionylated HypT
at a molar ratio of HOCl to HypT of 4:1–7:1. For the analysis of constitutive
HypT activity in vivo, arabinose was added to induce expression of the desired
mutant gene and RNA levels were analyzed by qRT-PCR at various time
points. To analyze the effect of MsrA/MsrB on HypT in vivo,msrA+ msrB+ and
msrA− msrB− cells expressing hypTwere HOCl-stressed (2.75 mM, 15 min), and
then fivefold concentrated LB medium was added to quench HOCl and allow
recovery of cells. Samples were removed at different time points and RNA
was isolated for qRT-PCR or HypT was purified for FA and MS analysis. MsrA/
MsrB treatment with purified HypT was performed under reducing con-
ditions and DTT, MsrA, and MsrB were removed by gel filtration. Detailed
materials and methods can be found in SI Experimental Procedures.
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