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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 (Grxl). The gene 
encoding Grxl 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 
transcri~tion factors activate antioxidant 
genes in respome to H20 ,  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 2 0 ,  concen- 
trations. the OxvR transcri~t ion factor 
rapidly induces the expressioh 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 OxvR 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 (1 1). 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. lA),  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 Cys199 + 
Ser199 (C199S) mutant strain showed no 
expression of the OxyR-regulated oxyS 
gene, and the CysZo8 + Serzo8 (C208S) 
mutant strain only showed slight expression 
(Fig. 1B). Thus, both Cys199 and CysZo8 are 
critical to the activation of OxyR. In addi- 
tion, an alignment of OxyR homologs 
shows that only two cysteine residues, cor- 
responding to Cys199 and CysZo8 of E. coli 
OxyR, are conserved (13). 

To examine the oxidation state of the 
Cys199 and CysZo8 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 Cys199 and CysZo8. These two 
peaks completely disappeared for the oxi- 
dized protein. Instead, a new peak that cor- 
responded to the sum of the and 
CysZo8-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 Cys199 and CysZo8 
leads to the conformational change that 
activates the OxyR transcription factor. 

Although both Cys199 and CysZo8 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 2 0 2  oxidation has been reported to pro- 
ceed through the initial oxidation of one 
Cys through a sulfenic acid intermediate 
( S O H )  (1 7, 18), we propose that the ox- 
idation of Cys199 to S O H  is the first step 
in OxyR activation (19). 

OxyR activation by H 2 0 2  is a transient 
phenomenon. In a wild-type background, 
the amounts of oxyS reach a maximum - 10 
min after H 2 0 2  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 2 0 2  treatment (9), suggesting that oxi- 
dized OxyR is deactivated by reduction of 
the Cys199-Cys208 disulfide bond. We gen- 
erated a set of isogenic strains defective in 

gorA (glutathione reductase), grxA (Grxl), 
gshA (glutathione synthetase), trxB (thiore- 
doxin reductase). and trxA (thioredoxin)- . . 
the components of the twd main disulfide 
reduction svstems in the cell. We then ex- 
amined theTactivity of OxyR. Compared to 
the wild-type strain, oxyS RNA levels were 
elevated 30 min after H202  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 oxyS ex- 
pression, possibly because of increased Grxl 
levels in this strain. Because Grxl is known 
to catalyze protein disulfide bond reduction 
by reduced glutathione (GSH), Grxl may 

Fig. 1. Direct activation of 
OxyR. (A) The buffer in a 
sample of OxyR (1 ml of -0.5 
mg/ml) was exchanged by 
three additions (1 ml) of 6 M 
guanidine hydrochloride in 
0.1 M potassium phosphate 
(pH 7.0) and concentrated 
to 50 p1 in a Centricon unit 
(10 kD cutoff, Amicon). Circu- 
lar dichroism measurements 
confirmed that the OxyR pro- 
tein was denatured by the 
guanidine hydrochloride. An 
aliquot of denatured OxyR 
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 I), a 
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- 
chemical) and pAQ17 as a 
temdate. OxvR was ~urified 

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 H202  upon remov- 
al of GSH (lane 5). These genetic and 
biochemical results indicate that OxyR is 
deactivated through enzymatic disulfide 
bond reduction by Grxl . 

OxyR was initially identified as a sensor 
for H202 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 H202, diamide, S-nitroso- 

- - - c bla 

as described i72), with'theex- o 
10W ception that dithiothreitol 

(DTT) was eliminated from rnlz 

the purification buffer. All transcription reactions (72) were carried out with 51 pM OxyR to ensure a linear 
response. (B) Strains expressing wild-type OxyR, OxyR4C+A, OxyRCl99S, and OxyRC208S (on pUC 
plasmids) were grown to an optical density at 600 nm (OD,J = 0.2 in LB medium and then treated with 0, 
100, or 1000 pM H202. Total RNA was isolated from samples taken at 10 min, and the amounts of oxyS RNA 
were analyzed by primer extension (5'-CGTTTTCAAGGCCC) (8). (C) MALDI-TOF spectra for reduced (top) 
and oxidized (bottom) OxyR4CjA 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 alkyiated reduced and oxidized OxyR4CjA [I 00 p1 of 0.5 mg/ml, purified as in 
(A) after extraction from inclusion bodies] by a 10-min incubation with iodoacetamide (1 pI of 1 M in H20,  
Sigma). Trypsin (1 p1 of 1 mg/ml, Promega) was added to the alkyiated protein (25 p1 of -0.5 mg/ml), and the 
mixture was incubated overnight at 37°C. Subsequently, 1 pI of the digestion product was added to 3 pI of 
saturated 2,5-dihydroxybenzoic acid (Aldrich) in a 2 : 1 0.1 % trifluoroacetic acid/acetonitrile solvent mixture, 
and 1 pI of this mixture was loaded onto the sample pin of the spectrometer. The generation of reduced 
OxyR4CjA 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 Grxl . (A) A 
The gorA-, g M - ,  gshA--, t rxB-, 3 
and t rxcl-  mutant alleles (27) were 9 3 3 rn z g B p 
moved into MC4100 by P I  transduc- 
tion (generating GS048-GS052), '0 10 30 6 O 1 m 1 O  10 30 €0'' 0 I0 .m €0' 0 lo m 60' mi" 

The strains were grown to OD,,, = 
0.2 in rn~nimum M63 medium supple- - - 
mented with 0.2Ob glucose and 
0.002°5 vitamin B1 and then treated 
with 200 wM H,,O,. Total RNA isolat- 
ed from samplgs taken at 0, 10, 30, 
and 60 rnln was analyzed by prlmer $ C GSH 00 0 2  0s 10 15 20 25 3 0  S O  50 m~ 

+ GSSG 0 0  02 02 0 2  02 02 02 02 02 oo m~ 
extens~on as in Flq 1. The data - - 

E E shown IS representative of the aver- (3 
+ + + age(2.3, 1.8,0.5,0.5.2.4,and g ,,,, oxvs 

- m E m m  2.0% decay/m~n for wild type. 5 a a a o 
gorA-, g d - ,  gshA-, tmB-, and - -  - - - - - - - . . - b l a  

t d - ,  respectivelyl of 10 experl- a I 

ments. 1BI Samples of purified 1 2 3 4 5 6 7 8 9 1 0  

OxyR (0.8 pM) were incubated with - - - - -- 
5 rnM GSH (lane 2), 10 pM Grxl 
(lane 3). 5 mM GSH and 10 pM D 55 
Grxl (lane 4) for 30 min. NADPH 
(0.5 mMI and 10 pg/rnl glutathione redl ? also added to 
the samples in lanes 2 through 5. The sample in lane 5 was treated 

lip--J 
0 40 - 

as described for lane 4 except that 200 FM H202 was added after - 3 20 

the GSH was removed with a Centricon unit (10 kD cutoff. Ami- B 

con). The entire experiment was carried out anaerobically, and all O.MK)I 0 1  1 

samples were analyzed by in vitro transcription as described in Fig. w- (M) 

1. NADPH, GSH, and glutathione reductase (from baker's yeast) 
GSSG 

were purchased from Sigma, and Grxl 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 pM OxyR and 10 pM Grxl 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 
Phosporlmager (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 pM OxyR composed of 
defined amounts of oxidized and reduced OxyR was assayed by in vitro transcription under the same 
condit~ons used for the titration. The diamonds correspond to experimental data, and the solid line is the 
theoretical fit (O6 oxidlzed OxyR = K,,I(K,, + [GSH]"/[GSSGI4)] based on Eq. 1. The redox potential of 
-185 5 5 mV is derived from three independent experiments. 

A 100 . . . . . . . . . 103 . . . . . . . . . 
wild type gshA - 

Fig. 3. Specificity of OxyR oxidation. (A) The wild-type (MC4100) and gshA-(GS049) strains were grown 
in minimal medium as in Fig. 2 and then treated with 10, 100, or 1000 pM H202, diamide (Sigma), and 
SNO-Cys [synthesized according to (28)l. 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 DTT, which was 
then removed by dialysis (Pierce dialysis cassette). The samples (0.8 pM) were then treated with 200 pM 
H,O,, 200 pM diamide, 200 pM SNO-Cys, 200 pM GSSG (Sigma), 10 pM Grxl , and 200 pM GSSG 
plus 10 pM Grxl 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. 

cysteine (SNO-Cys), nitrite, hydrazine and 
its derivatives, hypochlorous acid, and oxi- 
dized lipoic acid (14). On ly  H202 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 H202 
(Fig. 3A). In vitro, diamide, SNO-Cys, and 
oxidized glutathione (GSSG) a l l  partially 
activated OxyR but t o  significantly lower 
amounts than did H202 (Fig. 3B). Thus, 
although diamide and SNO-Cys might react 
w i t h  the two crit ical cysteines in OxyR, the 
transcription factor seems t o  have evolved t o  
specifically sense peroxides. 

T h e  reversible reaction between OxyR 
and GSH/GSSG (Fig. 3B) allowed us t o  
measure the redox potential o f  OxyR. W e  
incubated OxyR w i t h  defined concentra- 
tions o f  GSHIGSSG and then  measured the 
relative amounts o f  oxidized (activated) 
OxyR by in vi t ro  transcription assays (Fig. 
2C). W h e n  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  t i t rat ion data 
(Fig. 2D) was best fit by assuming a con- 
certed four-monomer oxidation and reduc- 
t i o n  (Eq. I), which is consistent w i t h  the 
observation that O x y R  is a tetramer in so- 
lu t ion (21 ). 

Grxl 

OxyR(ox) + 8GSH*OxyR(red) + 4GSSG 

(1) 
T h e  extracted equilibrium constant for Eq. 
1 was used t o  calculate the redox potential 
o f  OxyR (22). T h e  derived value o f  -185 * 5 mV is about 90 mV higher than  the 
estimated redox potential o f  the E. coli 
cytosol (-280 m V )  (4,5), providing a ther- 

,Cl99-SOH 

OXyR.-.sn Grxl + GSH 

induce gmA and gorA 

Fig. 4. Model for OxyR activation and deactiva- 
tion. Upon exposure to H,O,, the Cyslg9 residue 
of OxyR is first oxidized to a sulfenic acid. This 
reactive intermediate subsequently reacts with 
CysZo8 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 (Grxl) 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. col i  (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-, grd-, and gshA- mutant 
strains, it is also likely that the other disul- 
fide bond reduction systems contribute to 

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/ 
NADPt, respectively) levels in the cell. In 
general, the difference in the redox potential 
of the two major intracellular redox buffers 
(GSHIGSSG and NADPH/NADP+) (4) 
should allow for the regulation of proteins 
with chemically diverse redox centers. 

REFERENCES AND NOTES 
the deactivation of OxyR in vivo. 

1. B. Halliwel and J. M. C. Gutteridge, Free Radicals in 
Interestingly, an examination Of the pro- Bioloav and Medicine (Clarendon Press. Oxford. 

moter region of the grxA gene revealed a 1 9 8 c  

sequence that showed an 85% match to an 2. D, J, Jameson and G. Storz, in Oxidative Stress and 
the Molecular Biology of Antioxidant Defenses, J. G. 

OxyR sequence Scandalios, Ed. (Cold Spring Harbor Laboratory 
(10). We examined the levels of the n?.d Press, Cod  Spr~nq Harbor, NY, 1997), pp. 91-115; 

message by primer extension and found B. GO~ZLBI~Z-~ lecha  and B. Demple, in Reactive OX- 

that, as previously observed for gorA, the ygen Species in Biological Systems: An lnterdiscipli- 
navApproach, D, L. Gilbert and C. A. Colton, Eds. 

expression of grxA is induced by HzOz in an (plenum, New York, n press). 
OxyR-dependent manner (24). Deoxyribo- 3, G. E. Schutz and R. H. Schirmer, Principles of Pro- 23. 

nuclease I ( D N ~ ~ ~  1) footprinting experi- tein Structure (Spr~nger-Verlag, New York, 19791; 
J. M Thornton, J. Mol. Biol 151, 261 (1981); C. 

merits also showed that the O ~ Y R  footprint Branden and J. Tooze, Introduction to Protein Struc- 
precisely overlaps the predicted OxyR bind- ture (Garland, New York, 1991). 

ing site (24). ~h~~~ results indicate that the 4. H, F, Glbert, Adv. Enzymol. Relat. Areas Mol. Biol. 
63, 69 (1 990). 24. 

OxyR is autoregulated; OxyR ac- 5. C, Hwang, A. J. S~nskey, H. F. Lodish, Science 257, 
tivation bv H,O, leads to the induction of 1496(1992). , & ' .  

activities that trigger the OxyR deactiva- 6. A. I. Derman, W. A. Prinz, D. Bel~n, J. Beckw~th, ibid. 

tion pathway. 
262, 1744 (1993); W. A. Prinz, F. Aslund, A. 
Holmgren, J. Beckwith, J. Biol. Chem. 272, 15661 

We have orovided evidence that the 11 997). 
\ ~~ , 

lnolecular of redox signaling by OxyR 7. F. Asund, K. D. Berndt, A. Holmgren, J. Biol. Chem. 
272, 30780 (1 997). is disulfide bond formation and reduction 8, S, Altuvia, D, Weinsten.Fischer, A, Zhang, L, Pas. 

(Fig. 4). Two features of OxyR are likely to tow, G. Storz, C~II go, 43 (1997). 
contribute to its sensitivity to HzOz First, 9. G. Storz, L. A. Tartaglia, B. N. Ames, Science 248, 

189 (1 990). 25. the Oxidation and reduction Of OxyR tet- 10. M. B. Toledano et ab, Cell 78, 897 (1 994). 
appears to be 11. Two samples of OxyR (15 pM) were analyzed by the 

we suggest that the Cysl" residue is poised Chemical Analysis Laboratory at the University of 

to react with H ~ O ~  A comparison of o x y ~  Georgia. No transition metals were detected at a 26. 
sensitivity of 5 5  pM. 

homologs that basic residues 12. I .  Kullik, M. B. Toledano, L. A. Tartaglia, G. Storz, J. 
flanking Cys'yy are absolutely conserved Bacteriol. 177, 1275(1995). 
(1 3). These residues could enhance the re- 13, Escherichia coli (J04553, residues 191 -208), LLM- 

activity of cys199 toward peroxides by sta- LEDGHCLBDQAMGFC; Eiwinia carotovora (U74302), 27. 
LLMLEDGHCLBDQAMGFC; Haemophilus influenzae 

billzing the thiolate form of this cysteine (~493551, MLMLDDGHCLBNQALDYC; Xanthomonas 
(Cys'yy-S-) or by protonating the leaving campestris (U94336), LLLLEDGHCLBDQALDVC; My- 

group (-OH) of HzO,, or both. cobacteHum leprae (LO1 095), LLLLDEGHCLBDQTL- 
DC; Acinetobacter calcoaceticus (X88895), LMLLEE- 

OxyR induction of Grxl  and glutathi- GHCLBDHALSAC (26). 
one reductase ensures that the transcription 14. M. Zheng,F. Aslund, G. Storz, data not shown. 

factor is only activated for a defined period 15. We carried out 5,5'-dithiobis-(2-nitrobenzoic acid) 
and 2-nitro-5-thiosulfobenzoate titrations under de- 28. 

time and may be a mechanism for naturing conditions as described [P. W. Riddles, R, L. 
cells to maintain redox homeostasis. A drop Blakeley, B. Zerner, Anal. Biochem. 94, 75 (1 979); 29. 
in the GSH:GSSG ratio could lead to T, W, Thannhauser, Y. Konishi, H. A. Scheraga, ibid. 

138, 181 (1984)l. For reduced OxyR4C+A, 1.8 
OxyR activation resulting in the induction equivalents of -SH and 0,1 equivalents of S.S were 
of the enzymes that restore the redox bal- detected, whereas 0.2 equivalents of -SH and 0.9 
ante, Because GSH:GSSG ratios vary sig- equivalents of S-S were detected for the oxidized 

protein. nificantl~ from One intracellular 'Ompart- 16, Mass spectrometry (MALD-TOF) of oxidized, dens. 
merit to another in eukaryotic cells, a vari- tured OXYR revealed a major peak at 34.3 5 0.1 k~ 
ety of cellular processes, including signal and a minor peakat 17.1 2 0.1 kD, corresponding to 

transduction and transport, may be modu- the Singly- and doubly-charged O ~ Y R  monomer 
(theoretical mass of 34.28 kD), respectively. 

lated by reversible disulfide bond formation. 17, J, L, ~i, , ,~d~, phys, erg, them, 17, 65 (1980)!~, 
The redox potential of -185 mV deter- Claiborne, H. Miller, D. Parsonage, R. P. Ross, 

FASEB J. 7 1483 (1 993). mined for OxyR is substantially higher than 
18, F, A, Davis 'and R, L, Bill mers, J, Am, Chem, Sot, 

the redox potential Of -285 mV for 103, 7016 (1981); H. R. Ellis and L. B. Pooe, Bio- 
the SoxR transcription factor (25). We pro- chemistry 36, 13349 (1 997). 

19. When we examined the trypsin-digested C208S mu- 
tant protein by mass spectrometry, we observed a 
2614 daton peak for the oxidized but not for the 
reduced C208S protein. The mass of this peak cor- 
responds to that of two Cy~'~~-conta in ing fragments 
Inked via a thiosulfinate functional group, which 
would be formed by a sulfenic acid condensation 
reaction [2 C ~ S ' ~ ~ - S O H  - Cys'gg-S(0)S-Cys'gg + 
H,O] [(17); E. Block and J. O'Connor, J. Am. Chem. 
Soc. 96, 3929 (1 974); F. A. Dav~s, L. A. Jenkins, R. L. 
B~llmers, J. Org. Chem. 51, 1033 (1 986)l. 

20. C. T. Pr~valle and I .  Fridovich, J. Biol. Chem. 265, 
21966 (1990); A. Hausladen, C. T. Privalle, T. Keng, 
J. DeAngelo, J. S. Stamer, Cell86, 719 (1996). 

21. 1. Kull~k, J. Stevens, M. B. Toledano, G. Storz, J. 
Bactenol. 1 77, 1 285 (1 995). 

22. The eaulibrum constant K,.,. extracted from the re- 
dox t~tratlon data shown 7 Fig. 2C was used to 
calculate the redox potental of OxyR accordng to 
the Nernst equation: 

E = E0 + 2.303(RT/nF) . IogK,, 

where E is the redox potential of OxyR in reference to 
the normal hydrogen electrode, E O is the standard 
potential of GSH [-240 mV (7)], R is the gas con- 
stant, T is the temperature, n s the number of elec- 
trons transferred (e~ght electrons in the case of 
OxyR), and F is the Faraday constant. 
OxyR reducton by thioredoxn reductase and thore- 
doxin was carr~ed out essentially the same as the 
reduction described in Fig. 28, except that 10 yg/ml 
E coll thioredoxin reductase (Imco) and 10 yM E coll 
thioredoxin (Imco) were used n place of glutathone 
reductase, Grxl , and GSH. 
The OxyR-regulated transcription start was mapped 
to an A residue 23 nuceotides upstream of the AUG. 
The extent of the OxyR DNase I footprint on both 
strands is underlned, and the matches to the OxyR 
binding s~te consensus (10) are capitalized on the 
follow~ng sequences. Top strand: 5'- gtgtttaaca* 
tATAGcTtttAaCaATtaatgcaAcAGqTtaaAcCTActttc- 
B a a ;  bottom strand: 3'- cacaaattqtcaaTATC- 
gAaaaTcGtTAattacgtTflcAattTqGATgaaagtcgctt. 
The same transcrpton start and OxyR binding site 
were recently Identified [K. Tao, J. Bacteriol. 179, 
5967 (1 997)] 
H. Ding, E. H~dalgo, B. Demple, J. Biol. Chem. 271, 
33173 (1996); P. Gaudu and B. Weiss, Proc. Natl. 
Acad. Sci. U.S.A. 93, 10094 (1996); E. Hidalgo, H. 
Ding, B. Demple, Cell 88, 121 (1997). 
Singe-etter abbreviations for the amino acid resi- 
dues are as follows: A, Ala; C, Cys; D, Asp; E, Gu;  F, 
Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, 
Asn: P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, 
Trp; and Y, Tyr. 
N. K. Davis, S. Greer, M. C. Jones-Mortimer, R. N. 
Perham, J. Gen. Mlcrobiol. 128, 1631 (1 982); J. T. 
Greenberg and B, Demple, J. Bacteriol, 168, 1026 
(1986); M. Russel and A. Hdmgren, Proc. Natl. 
Acad. Sci. U.S.A. 85, 990 (1 988); M. Russel and P. 
Model, in Thioredoxin and Glutaredoxin Systems: 
Structureand Function, A. Holmgren, C. I. Branden, 
H. Jornval, B.-M. Sjoberg, Eds. (Raven Press, New 
York, 1986), pp. 331-337. 
J. S. Stamer and J. Loscalzo, Anal. Chem. 64, 779 
(1 992). 
We thankc. Wu and C. Kleeforthe use of the MALDl 
mass spectrophotometer and Pharmacia Smart sys- 
tem, C. Vinson for use of the spectropolarimeter, L. 
Pooe and J. Beckwith (grant GM-41883) for exper- 
iments conducted by M.Z. and F.A, in their aborato- 
ries, and J. Bushweler, B. Demple, A. Eisenstark, A. 
Holmgren, and M. Russel for E. coli strains, plas- 
mids, and purified Grxl . We also appreciate the ad- 
vice of J. Beckwith, L. Pooe, and W. Prinz, and the 
editorial comments of J. Beckwith, C. Dismukes, R. 
Klausner, L. Pooe, C. Wu, Y.-L. Wu, and M. Zhong. 
Supported by the intramural program of the National 
Institute of Child Health and Human Development 
and grants from the American Cancer Society (M.Z.), 
the Karolinska Institute (F.A.), and the Wennergren 
Foundation (F.A.). 

3 September 1997; accepted 6 January 1998 

www.sciencemag.org SCIENCE VOL. 279 13 MARCH 1998 1721 




