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Activation of the OxyR Transcription Factor by
Reversible Disulfide Bond Formation

Ming Zheng, Fredrik Aslund, Gisela Storz*

The OxyR transcription factor is sensitive to oxidation and activates the expression of
antioxidant genes in response to hydrogen peroxide in Escherichia coli. Genetic and
biochemical studies revealed that OxyR is activated through the formation of a disulfide
bond and is deactivated by enzymatic reduction with glutaredoxin 1 (Grx1). The gene
encoding Grx1 is regulated by OxyR, thus providing a mechanism for autoregulation. The

" redox potential of OxyR was determined to be -185 millivolts, ensuring that OxyR is

reduced in the absence of stress. These results represent an example of redox signaling
through disulfide bond formation and reduction.

Reactive oxygen species can damage
DNA, lipid membranes, and proteins and

have been implicated in numerous degen-

erative diseases (1). As a defense, prokary-
otic and eukaryotic cells have inducible
responses that protect against oxidative
damage (2). These antioxidant defense sys-
tems have been best characterized in Esch-
erichia coli, in which the OxyR and SoxR
transcription factors activate antioxidant
genes in response to H,O, and to superox-
ide-generating compounds, respectively.
The mechanisms of redox-sensing and
the systems that control the redox status of
the cell are likely to be coupled. Studies of
the thiol-disulfide equilibrium of the cy-
tosol of both prokaryotic and eukaryotic
cells indicate that the intracellular environ-
ment is reducing, such that protein disulfide
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bonds rarely occur (3-5). The redox poten-
tial of the E. coli cytosol has been estimated
to be approximately —0.26 to —0.28 V (4,
5). This reducing environment is main-
tained by the thioredoxin and the glutare-
doxin systems (6, 7).

In response to elevated H,O, concen-
trations, the OxyR transcription factor
rapidly induces the expression of oxyS (a
small, nontranslated regulatory RNA),
katG (hydrogen peroxidase I), gorA (glu-
tathione reductase), and other activities
likely to protect the cell against oxidative
stress (2, 8). Purified OxyR is directly
sensitive to oxidation. Only the oxidized
form of OxyR can activate transcription in
vitro, and footprinting experiments indi-
cate that oxidized and reduced OxyR have
different conformations (9, 10). Thus, we
examined the chemistry of OxyR oxida-
tion and reduction.

No transition metals were detected by,
inductively-coupled plasma metal ion anal-
ysis of two preparations of OxyR (11). We
also did not observe any change in OxyR
activity after denaturation and renaturation
in the presence of the metal chelator des-
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ferrioxamine (Fig. 1A), indicating that
metal ions and other prosthetic groups are
unlikely to be the redox-active center of
OxyR. Previous mutational studies suggest-
ed that at least one and possibly two of the
six cysteine residues in OxyR are critical for
activity (12). We found that the Cys'*® —
Ser!® (C199S) mutant strain showed no
expression of the OxyR-regulated oxyS
gene, and the Cys?® — Ser’®® (C208S)
mutant strain only showed slight expression
(Fig. 1B). Thus, both Cys!?® and Cys?®® are
critical to the activation of OxyR. In addi-
tion, an alignment of OxyR homologs
shows that only two cysteine residues, cor-
responding to Cys'*® and Cys*®® of E. coli
OxyR, are conserved (13).

To examine the oxidation state of the
Cys'®? and Cys?°® residues in vitro, we gen-
erated an OxyR derivative (OxyR4C — A)
carrying Ala substitutions of the other four
cysteines. This derivative showed activity
identical to the wild-type protein in vivo
(Fig. 1B) and in vitro (14). We examined
the OxyR4C — A protein by matrix-assist-
ed laser desorption/ionization—time-of-
flight (MALDI-TOF) mass spectrometry
(Fig. 1C). For the reduced protein, two
peaks corresponded to fragments containing
alkylated Cys'®® and Cys*®. These two
peaks completely disappeared for the oxi-
dized protein. Instead, a new peak that cor-
responded to the sum of the Cys!®”- and
Cys?_containing peptide fragments joined
by a disulfide bond, was detected. Quanti-
tative thiol-disulfide titrations also indicat-
ed that oxidized OxyR contains one disul-
fide bond (15). We conclude that forma-
tion of an intramolecular (16) disulfide
bond between residues Cys'®® and Cys?®®
leads to the conformational change that
activates the OxyR transcription factor.

Although both Cys'®® and Cys*®® were
important to OxyR activation, the in-
creased sensitivity of the C199S mutant
over the C208S mutant suggested that
these two residues are not equivalent. Be-
cause the formation of disulfide bonds upon
H,O, oxidation has been reported to pro-
ceed through the initial oxidation of one
Cys through a sulfenic acid intermediate
(-SOH) (17, 18), we propose that the ox-
idation of Cys!?® to -SOH is the first step
in OxyR activation (19).

OxyR activation by H,O, is a transient
phenomenon. In a wild-type background,
the amounts of 0xyS reach a maximum ~10
min after H,O, treatment and then de-
crease to near basal levels within 60 min
after the treatment (Fig. 2A). The amounts
of the OxyR protein do not change after the
H,O, treatment (9), suggesting that oxi-
dized OxyR is deactivated by reduction of
the Cys!??-Cys?®® disulfide bond. We gen-
erated a set of isogenic strains defective in
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gorA (glutathione reductase), grxA (Grxl1),
gshA (glutathione synthetase), trxB (thiore-
doxin reductase), and trxA (thioredoxin)—
the components of the two main disulfide
reduction systems in the cell. We then ex-
amined the activity of OxyR. Compared to
the wild-type strain, oxyS RNA levels were
elevated 30 min after H,O, treatment in
the gorA~, and particularly the grxA~ and
gshA~ mutants. By contrast, the trxA~ mu-
tant showed a profile identical to the wild-
type strain (14), and the trxB~ mutant ex-
hibited a more rapid decrease in 0xyS ex-
pression, possibly because of increased Grx1
levels in this strain. Because Grx1 is known
to catalyze protein disulfide bond reduction
by reduced glutathione (GSH), Grxl may

Fig. 1. Direct activation of A
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catalyze OxyR deactivation at the expense
of GSH. To test this hypothesis, we incu-
bated oxidized OxyR with purified GSH
and Grxl. OxyR activity was completely
eliminated within 30 min (Fig. 2B, lane 4).
OxyR deactivated in this manner could

‘readily be reactivated by H,O, upon remov-

al of GSH (lane 5). These genetic and
biochemical results indicate that OxyR is
deactivated through enzymartic disulfide
bond reduction by Grxl.

OxyR was initially identified as a sensor
for H,O, levels. However, the OxyR-regu-
lated katG gene has also been reported to be
induced by diamide and S-nitrosothiols (20).
To test the OxyR sensing specificity, we
treated cells with H,O,, diamide, S-nitroso-

B

2 «
OxyR. (A) The buffer in a k) g < @ 2
sample of OxyR (1 mlof ~0.5 5 2 Q 5 &
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three additions (1 ml) of 6 M g 8% E & 8 8
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(pH 7.0) and concentrated - oxS
t0 50 pl in a Centricon unit -—- .
(10 kD cutoff, Amicon). Circu- B -« bl

lar dichroism measurements
confirmed that the OxyR pro-
tein was denatured by the
guanidine hydrochloride. An

aliquot of denatured OxyR C
was then renatured by a
6-hour dialysis against three
100-ml volumes of protein pu-
rification buffer containing the
metal chelator desferrioxam-
ine (0.1 mM, Sigma). Subse-
quently, equal amounts of an
untreated sample (lane 1), a
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(ST I
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il
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sample dialyzed against 0.1 M
potassium phosphate, pH 7.0
(lane 2), and the denatured
and dialyzed sample (lane 3)
were analyzed by in vitro tran-
scription assays using purified
RNA polymerase (U.S. Bio-
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as described (72), with the ex- 0
ception that dithiothreitol
(DTT) was eliminated from
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the purification buffer. All transcription reactions (72) were carried out with =1 uM OxyR to ensure a linear
response. (B) Strains expressing wild-type OxyR, OxyR4C—A, OxyRC199S, and OxyRC208S (on pUC
plasmids) were grown to an optical density at 600 nm (ODg,) = 0.2 in LB medium and then treated with O,
100, or 1000 pM H,0,,. Total RNA was isolated from samples taken at 10 min, and the amounts of oxyS RNA
were analyzed by primer extension (5'-CGT TTTCAAGGCCC) (8). (C) MALDI-TOF spectra for reduced (top)
and oxidized (bottom) OxyR4C— A after alkylation and trypsin digestion were taken with a LaserTec Bench-
Top (VESTEC) mass spectrometer. All the predicted tryptic fragments could be identified in the 800- to 4000-
dalton region, and the mass of each observed fragment differed from its theoretical value by <1 dalton. To
prepare the samples, we first alkylated reduced and oxidized OxyR4C—A [100 wl of 0.5 mg/ml, purified as in
(A) after extraction from inclusion bodies] by a 10-min incubation with iodoacetamide (1 wl of 1 M in H,O,
Sigma). Trypsin (1 wl of 1 mg/ml, Promega) was added to the alkylated protein (25 pl of ~0.5 mg/ml), and the
mixture was incubated overnight at 37°C. Subsequently, 1 ! of the digestion product was added to 3 .l of
saturated 2,5-dihydroxybenzoic acid (Aldrich) in a 2:1 0.1% trifluoroacetic acid/acetonitrile solvent mixture,
and 1 pl of this mixture was loaded onto the sample pin of the spectrometer. The generation of reduced
OxyR4C—A protein and all subsequent manipulations were carried out in an anaerobic chamber (Coy

Laboratory) filled with 5% H, and 95% N,,.
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Fig. 2. OxyR deactivation by Grx1. (A) A

The gorA—, grxA—, gshA~, trxB~,
and trxA- mutant alleles (27) were
moved into MC4100 by P1 transduc-
tion (generating GS048-GS052).
The strains were grown to ODgy, =
0.2 in minimum M63 medium supple-
mented with 0.2% glucose and
0.002% vitamin B1 and then treated
with 200 pM H,O,,. Total RNA isolat-
ed from samples taken at 0, 10, 30,
and 60 min was analyzed by primer
extension as in Fig. 1. The data
shown is representative of the aver-
age (2.3, 1.8, 0.5, 0.5, 2.4, and
2.0% 'decay/min for wild type,
gorA—, grxA~, gshA~, trxB~, and
trxA~, respectively) of 10 experi-
ments. (B) Samples of purified 1
OxyR (0.8 M) were incubated with
5 mM GSH (lane 2), 10 uM Grx1

wild type
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(lane 3), 5 mM GSH and 10 pM G D %100_ T i i
Grx1 (lane 4) for 30 min. NADPH T sf T 4
(0.5 mM) and 10 p.g/ml glutathione reductase were also added to 5 60t "‘-\ 1
the samples in lanes 2 through 5. The sample in lane 5 was treated 8 40 ¢ 7
as described for lane 4 except that 200 pM H,O,, was added after g=p 5 s
the GSH was removed with a Centricon unit (10 kD cutoff, Ami- Soad Rk s S A
con). The entire experiment was carried out anaerobically, and all " oo001 com oo1 01 4
samples were analyzed by in vitro transcription as described in Fig. %E (M)

1. NADPH, GSH, and glutathione reductase (from baker's yeast)
were purchased from Sigma, and Grx1 was kindly provided by J. Bushweller and A. Holmgren. The
results shown are representative of four independent experiments. (C) The indicated amounts of GSH
and GSSG were incubated with 0.8 uM OxyR and 10 uM Grx1 at pH 7 and 27°C for at least 72 hours.
The samples were then added to RNA polymerase and assayed by in vitro transcription. All steps were
carried out anaerobically. (D) The intensities of the oxyS and bla bands in (C) were measured by a
Phosporimager (Molecular Dynamics) and then converted to OxyR (oxidized) concentration, using a
calibration curve obtained from a control experiment in which a total of 0.8 uM OxyR composed of
defined amounts of oxidized and reduced OxyR was assayed by in vitro transcription under the same
conditions used for the titration. The diamonds correspond to experimental data, and the solid line is the
theoretical fit {% oxidized OxyR = K /K, + [GSH]®/[GSSG]*)} based on Eq. 1. The redox potential of
-185 = 5 mV is derived from three independent experiments.
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Fig. 3. Specificity of OxyR oxidation. (A) The wild-type (MC4100) and gshA~ (GSO49) strains were grown
in minimal medium as in Fig. 2 and then treated with 10, 100, or 1000 pM H,0,, diamide (Sigma), and
SNO-Cys [synthesized according to (28)]. Total RNA was isolated from cells collected after 10 min, and
primer extension assays were carried out as in Fig. 1. The oxyS levels were quantified on a Phosphor-
Imager and plotted. (B) Purified OxyR was reduced by overnight treatment with 0.1 mM DT T, which was
then removed by dialysis (Pierce dialysis cassette). The samples (0.8 uwM) were then treated with 200 uM
H,0,, 200 uM diamide, 200 uM SNO-Cys, 200 pM GSSG (Sigma), 10 uM Grx1, and 200 pM GSSG
plus 10 uM Grx1 for 5 min and assayed by in vitro transcription. The entire experiment was carried out
anaerobically. The in vivo and in vitro assays were both repeated at least twice; representative experi-
ments are shown.

Grx1
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cysteine (SNO-Cys), nitrite, hydrazine and
its derivatives, hypochlorous acid, and oxi-
dized lipoic acid (14). Only H,0O, and dia-
mide activated OxyR in the wild-type strain,
and diamide activation was only observed at
concentrations greater than. 100 pM (Fig.
3A). SNO-Cys did activate OxyR in a gshA~
strain, but activation by SNO-Cys was al-
ways lower than the activation by H,O,
(Fig. 3A). In vitro, diamide, SNO-Cys, and
oxidized glutathione (GSSG) all partially
activated OxyR but to significantly lower
amounts than did H,0, (Fig. 3B). Thus,
although diamide and SNO-Cys might react
with the two critical cysteines in OxyR, the
transcription factor seems to have evolved to
specifically sense peroxides.

The reversible reaction between OxyR
and GSH/GSSG (Fig. 3B) allowed us to
measure the redox potential of OxyR. We
incubated OxyR with defined concentra-
tions of GSH/GSSG and then measured the
relative amounts of oxidized (activated)
OxyR by in vitro transcription assays (Fig.
2C). When the GSH:GSSG ratio in the
buffer exceeded 5:1 (between lanes 4 and
6), there was a sudden and substantial drop
in transcription activity. This titration data
(Fig. 2D) was best fit by assuming a con-
certed four-monomer oxidation and reduc-
tion (Eq. 1), which is consistent with the
observation that OxyR is a tetramer in so-
lution (21).

Grx1
OxyR(ox) + 8 GSH <> OxyR(red) + 4 GSSG

(1)
The extracted equilibrium constant for Eq.
1 was used to calculate the redox potential
of OxyR (22). The derived value of —-185
* 5 mV is about 90 mV higher than the
estimated redox potential of the E. coli

cytosol (=280 mV) (4, 5), providing a ther-

o R,cmo-su

H202 / xy ~C208-SH
G199-S0H

OxyR Grx1 + GSH

~C208-SH

\ o ,c199-T

XyR_
C208-S \ /
induce grxA and gorA

Fig. 4. Model for OxyR activation and deactiva-
tion. Upon exposure to H,O,, the Cys'®® residue
of OxyR is first oxidized to a sulfenic acid. This
reactive intermediate subsequently reacts with
Cys?%8 to form a stable disulfide bond locking
OxyR in an activated form. Oxidized OxyR is re-
reduced by disulfide bond reduction by the glu-
taredoxin system. Because OxyR activates the
transcription of grxA (Grx1) and gorA (glutathione
reductase), the entire response is autoregulated.
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modynamic basis for the observation that
OxyR is predominantly reduced (deactivat-
ed) under normal conditions. The redox
potential of OxyR is also higher than the
potential of all the known disulfide reduc-
tases in E. coli (7). Thus, thioredoxin
should also be capable of reducing OxyR,
and indeed, we found that the purified en-
zyme deactivates OxyR in vitro (23). Be-
cause the OxyR protein is eventually re-
duced in gorA~, grxA~, and gshA™ mutant
strains, it is also likely that the other disul-
fide bond reduction systems contribute to
the deactivation of OxyR in vivo.

Interestingly, an examination of the pro-
moter region of the grxA gene revealed a
sequence that showed an 85% match to an
OxyR DNA-binding consensus sequence
(10). We examined the levels of the grxA
message by primer extension and found
that, as previously observed for gorA, the
expression of grxA is induced by H,O, in an
OxyR-dependent manner (24). Deoxyribo-
nuclease 1 (DNase 1) footprinting experi-
ments also showed that the OxyR footprint
precisely overlaps the predicted OxyR bind-
ing site (24). These results indicate that the
OxyR response is autoregulated; OxyR ac-
tivation by H,0, leads to the induction of
activities that trigger the OxyR deactiva-
tion pathway.

We have provided evidence that the
molecular event of redox signaling by OxyR
is disulfide bond formation and reduction
(Fig. 4). Two features of OxyR are likely to
contribute to its sensitivity to H,O,. First,
the oxidation and reduction of OxyR tet-
ramers appeats to be cooperative. Second,
‘we suggest that the Cys!®? residue is poised
to react with H,O,. A comparison of OxyR
_ homologs reveals that two basic residues
flanking Cys!®® are absolutely conserved
(13). These residues could enhance the re-
activity of Cys'® toward peroxides by sta-
bilizing the thiolate form of this cysteine
(Cys'®°-S7) or by protonating the leaving
group (-OH) of H,O,, or both.

OxyR induction of Grx1 and glutathi-
one reductase ensures that the transcription
factor is only activated for a defined period
of time and may also be a mechanism for
cells to maintain redox homeostasis. A drop
in the GSH:GSSG ratio could lead to
OxyR activation resulting in the induction
of the enzymes that restore the redox bal-
ance. Because GSH:GSSG ratios vary sig-
nificantly from one intracellular compart-
ment to another in eukaryotic cells, a vari-
ety of cellular processes, including signal
transduction and transport, may be modu-
lated by reversible disulfide bond formation.

The redox potential of —~185 mV deter-
mined for OxyR is substantially higher than
the redox potential of —285 mV reported for
the SoxR transcription factor (25). We pro-
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pose that whereas the activity of OxyR is
responsive to the thiol-disulfide redox status
of the cell, the activity of SoxR is responsive
to reduced and oxidized nicotinamide ade-
nine dinucleotide phosphate (NADPH/
NADP?, respectively) levels in the cell. In
general, the difference in the redox potential
of the two major intracellular redox buffers
(GSH/GSSG and NADPH/NADP*) (4)
should allow for the regulation of proteins
with chemically diverse redox centers.
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