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The soxRS regulon protects Escherichia coli from superoxide and nitric oxide stress. SoxR protein, a tran-
scription factor that senses oxidative stress via its [2Fe-2S] centers, transduces the signal to the soxS promoter
to stimulate RNA polymerase. Here we describe 29 mutant alleles of soxR that cause defects in the activation
of soxS transcription in response to paraquat, a superoxide stress agent. Owing to the selection and screen used
in their isolation, most of these mutant alleles encode proteins that retained specific binding activity for the
soxS promoter in vivo. The mutations were found throughout the SoxR polypeptide, although those closer to
the N terminus typically exhibited greater defects in DNA binding. The degree of the defect in the transcrip-
tional response to superoxide caused by each mutation was closely paralleled by its impaired response to nitric
oxide. This work begins the general identification of the residues in the SoxR polypeptide that are critical for
transducing oxidative stress signals into gene activation.

Reactive oxygen species (ROS) are generated as a conse-
quence of the incomplete reduction of oxygen and are un-
avoidable by-products of aerobic metabolism. If not disposed
of efficiently, ROS can cause cellular and genetic damage lead-
ing to carcinogenesis, senescence, and neurodegenerative dis-
orders (12, 13). Because cells under oxidative stress are at risk
for lethal or mutagenic damage, all aerobic organisms have
evolved defense mechanisms to cope with ROS. Part of this
response involves the reprogramming of gene expression to
increase levels of antioxidant enzymes such as superoxide
dismutase and catalase, which limit the levels of superoxide
(O," ) and hydrogen peroxide, respectively.

The study of oxidative stress responses in bacteria has in-
creased our understanding of the biochemical mechanisms
whereby ROS levels are sensed by the cell and transduced into
changes in gene expression (36, 43). The soxRS regulon of
Escherichia coli mediates a response that protects the cell
against O, , nitric oxide (NO), and redox-cycling agents such
as paraquat (PQ). In the presence of these oxidants, SoxR, a
transcription factor, is activated and stimulates production of a
second transcription factor, SoxS, by up to 100-fold (8). Mi-
croarray analyses show that expression of the SoxS protein
activates at least 40 genes that encode antioxidant, metabolic,
and repair functions (36), although Martin and Rosner (29)
estimate that the number of genes under the direct control of
SoxS may be fewer.

SoxR, a member of the MerR family of transcription factors,
is a homodimer of 17-kDa subunits and is constitutively ex-
pressed in the cell, albeit in an inactive form. Each monomer
of SoxR contains a redox-active [2Fe-2S] center, essential for
SoxR’s transcriptional activity but not for its ability to bind to
the promoter (20, 21). SoxR binds the soxS promoter with
similar affinities in the apo- and metallo-forms and does not
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significantly influence RNA polymerase binding (21). Oxida-
tion and reduction of the SoxR [2Fe-2S] centers also do not
alter the protein’s affinity for its DNA site (15). The soxS
promoter is arranged such that the ends of the —35 and —10
RNA polymerase recognition elements are 19 bp apart, in
contrast to the optimal 17-bp spacer found in most o’’-regu-
lated promoters in E. coli (22). This places the —10 and —35
elements ~70° out of phase from their orientation in a 17-bp
spacer promoter. The 19-bp spacer arrangement is common to
all target promoters of MerR family members, and it is be-
lieved that these enzymes stimulate transcription by a common
mechanism (18, 22). Chemical footprinting studies have dem-
onstrated that activated SoxR and MerR overcome the subop-
timal spacer by mediating specific distortions in their target
promoters that stimulate RNA polymerase to form the open
complex (19, 20). More recently, the crystal structure of BmrR
(a MerR family member), solved in complex with its cognate
promoter, is consistent with transcriptional activation through
local DNA unwinding and base pair disruption (18).

SoxR’s [2Fe-2S] centers are the primary sensors of oxidative
stress. SoxR mutant proteins in which the iron-coordinating
cysteine residues are replaced with alanine contain no detect-
able iron and are unable to stimulate transcription of soxS in
response to PQ (2). In vitro, the oxidation state of the [2Fe-2S]
centers is the key feature that controls SoxR’s transcriptional
activity (11, 15). When intact cells are treated with PQ, SoxR’s
[2Fe-2S] centers undergo one-electron oxidation and SoxR
becomes transcriptionally active (14, 23). Upon removal of the
oxidative stress, the [2Fe-2S] centers are rereduced and SoxR
becomes transcriptionally silent (14, 23). SoxR is also activated
by NO, which nitrosylates the [2Fe-2S] centers to generate an
active form that contains dinitrosyl-iron centers (9). Purified
nitrosylated SoxR has transcriptional activity similar to that of
the oxidized protein (9). The activation of SoxR by NO may
play a role in the resistance of E. coli to attack by NO-gener-
ating macrophages (33, 34).

A long-standing question, and a fundamental problem in
oxidative stress biology, is how redox and NO signals are trans-
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TABLE 1. Strains and plasmids used in this work

Strain or plasmid

Genotype or description

Source or reference

Strains
DJ901 A(soxRS) derivative of GC4468 17
EH46 DJ901 lysogenized with N(soxS promoter-lacZ) 22
EH86 DJ901 lysogenized with X(16-bp spacer mutant soxS promoter-lacZ) 22
EH200 DJ901 lysogenized with A(soxR promoter-lacZ) 24
GC4468 K12 rpsL thi soxR* soxS™ 17
MC9 EH200 with chromosomally integrated 2.8-kb fusion fragment cat—120-bp soxS This work
promoter—sacB in the araD site
NR9273 ara thi A(pro-lac) mutD5 zaf-13::Tnl0 R. Schaaper
TN402 GC4468 soxR::kan T. Nunoshiba
Plasmids
pPACYC184 Low-copy-number cloning vector (Cm") New England Biolabs
pBD100 pBR322 with entire soxRS locus (Amp") 1
pKO3 Plasmid with B. subtilis sacB gene (Cm") 27
pMCo6 pACYC184 with cat-soxS promoter-sacB (Cm") This work
pSE380 trc promoter-containing plasmid with lac/9 gene (Amp") Invitrogen
pSXR pSE380 derivative containing the wild-type soxR allele (Amp") 1

duced into gene expression. In this paper, we have approached
this problem by isolating 29 mutant alleles of soxR by using
genetic screens that are based on the molecular features of the
soxRS system. These mutations all display a defect in the ac-
tivation of soxS§ transcription in response to PQ- or NO-in-
duced stress. Prior to the work described here, only a few
constitutively active SoxR mutant proteins had been isolated,
and many of these mutations cluster in the C-terminal region
of the protein (32, 42). The cysteine-to-alanine mutations that
eliminate iron binding were directly engineered (2), but other
variant forms of SoxR had not been isolated. The transcrip-
tionally defective SoxR proteins will be useful for interpreting
structural information and will help to illuminate the mecha-
nisms of redox and NO signal transduction via protein iron-
sulfur centers.

MATERIALS AND METHODS

Construction of strain MC9 used in the dual selection-screen for soxR mu-
tants. A 120-bp fragment containing the soxS promoter was amplified by PCR
from plasmid pBD100 (Table 1) with Deep Vent polymerase (New England
Biolabs) and primers A (5" CCACTTCGGAAGGGGTTCGCAGCG 3') and B
(5" GGGACACTGCAGTGCCTCTTTTCAGTG 3'). The underlined sequences
in primers A and B are recognition sites for Xmnl and Pstl, respectively. A 1.4-kb
fragment containing the open reading frame for the sacB gene from Bacillus
subtilis was similarly PCR amplified from plasmid pKO3 (Table 1) with primers
C (5" GGAGCTGCAGACGATGAACATC 3") and D (5" CCGGATGAACAT
TTTCTTTTGCG 3'). The underlined sequences in primers C and D are recog-
nition sites for PstI and Xmnl, respectively. The soxS and sacB PCR fragments
were digested with appropriate restriction enzymes and inserted into the Xmnl
site of plasmid pACYC184 (Table 1) downstream of the cat gene, yielding pMC6
(Table 1). The 2.8-kb cat-soxS promoter-sacB fusion fragment was PCR ampli-
fied from pMC6 with Tag polymerase (Qiagen) with primers I (5" CATGTTA
GAAGATCTCAAACGCCAGGTATTAGAAGCCAACCTGGCGCACCAG
GCGTTTAAGGGCAC 3') and J (5" GTCATTACTGCCCGTAATATGCCTT
CGCGCCATGCTTACGCAGATACCTGCCACATGAAGCTTTTC 3'), puri-
fied, and inserted into the araD site of strain EH200 (Table 1) by the method
described by Datsenko and Wanner (6). Cells that had been successfully trans-
formed were chloramphenicol resistant, and integration into the targeted araD
site was verified by the inability of the strains to grow in M9 medium containing
L-arabinose and confirmed by colony PCR with primers G (5 GCGCATCCGG
CACGAAGGAG 3') and H (5" GGTTTCGTTTGATTGGCTGTGG 3'), which
yielded a 0.78-kb PCR fragment in the correct clone. One such clone, designated
strain MC9 (Table 1), was used in the dual selection-screen for uninducible soxR
mutants.

Isolation of transcriptionally defective soxR mutants. NR9273, a mutD5 mu-
tator strain (Table 1), was transformed to ampicillin resistance with pSXR (Table
1). To allow mutagenesis to occur, individual transformants were grown for 15 h
at 37°C in 3 ml of Luria-Bertani (LB) medium containing 100 g of ampicillin/
ml. The cells were harvested, and plasmid DNA was isolated with the Wizard
miniprep kit (Promega). The plasmid preparation (containing both wild-type
pSXR and mutated plasmids) was transformed into strain MC9, followed by
selection on LB agar containing 100 wg of ampicillin/ml, 5% sucrose, and 50 pM
PQ (Sigma) for 18 h at 37°C. Viable colonies were then patch-streaked on
eosin-methylene blue (EMB)-lactose agar (Difco) containing 100 pg of ampi-
cillin/ml in order to screen for mutant proteins that retained the ability to bind
the SoxR binding site in vivo.

Isolates from the initial selection-screen were recovered and retransformed
into strain MC9, selecting for ampicillin resistance. The next day, transformants
were patch-streaked onto both LB agar plates containing 100 p.g of ampicillin/ml,
5% sucrose, and 50 uM PQ and EMB-lactose agar plates containing 100 g of
ampicillin/ml, to verify the phenotypes. Plasmids that passed this second round of
selection-screening were sequenced on both strands with primers K (5" CACA
CAGGAAACAGACCATGGC 3') and L (5" CAGACCGCTTCTGCGTTCTG
3") to identify the responsible mutation. All sequencing was performed at the
High-Throughput DNA Sequencing Facility located at the Dana-Farber/Harvard
Cancer Center.

B-Galactosidase assays. B-Galactosidase assays were used to verify individu-
ally that the SoxR mutant proteins obtained in the screen described above were
deficient in activating transcription from the soxS promoter in response to PQ.
The pSE380-based plasmids with the mutated soxR alleles were transformed into
strain EH46 (Table 1). The transformed strains were inoculated into LB medium
containing 100 pg of ampicillin/ml and incubated at 37°C for ~16 h with shaking
at 220 rpm. Inocula from these overnight cultures were diluted 100-fold into 3 ml
of fresh medium in duplicate tubes and incubated at 37°C for 90 min. PQ was
then added to a final concentration of 100 wM to one of each pair of tubes, and
the incubation was continued for 60 min with shaking at 220 rpm. The samples
were then placed on ice for 20 min. B-Galactosidase activity in sodium dodecyl
sulfate-CHCl;-treated cells was determined as described by Miller (31).

B-Galactosidase assays were also used to analyze the DNA-binding ability of
the mutant proteins in vivo. Strains EH200 and EH86 (Table 1) were trans-
formed with the plasmids containing the mutated soxR alleles and grown as
described above before the lysates were assayed for B-galactosidase activity.

Isolation and analysis of soxS mRNA by Northern blotting. Northern blot
analysis was carried out to measure more directly the transcriptional defects
caused by the various soxR mutations. For this purpose, the pSE380-based
plasmids with the mutated soxR genes were transformed into strain TN402
(Table 1). Transformed cells were inoculated into LB medium containing 100 pg
of ampicillin/ml and incubated at 37°C overnight with shaking at 220 rpm.
Inocula from the overnight cultures were diluted 100-fold into 3 ml of fresh
medium and incubated at 37°C for 2 h with shaking. PQ was then added to a final
concentration of 100 wM, and incubation with shaking was continued at 37°C for
another 5 min. Rifampin (Sigma) was added to 200 pg/ml to stop further
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transcription, and the cells were chilled and harvested to isolate total RNA by
using the RNeasy Mini kit (Qiagen).

The various SoxR mutant proteins were also analyzed for their ability to
respond to NO under anaerobic conditions. The inoculum for anaerobic cultures
was prepared by subculturing cells three consecutive times in 3-ml capped vials
(VWR Scientific) filled almost completely with cultures and incubating them at
37°C without shaking. For the experiment, the anaerobic inoculum was diluted
10-fold into 3 ml of fresh medium that had been previously degassed with argon
in sealed vials. The cultures were grown for 3 h at 37°C without shaking. Sperm-
ine NONOate (an NO donor that releases 2 NO per spermine NONOate with a
half-life of 39 min at 37°C and pH 7.4; Alexis Biochemicals) was injected into the
vials to a final concentration of 1 mM, and incubation without shaking continued
at 37°C for another 2 min. Rifampin was then added as described above, and the
cells were harvested to isolate total RNA.

The amount of soxS transcript was quantified by Northern blot analysis. Sam-
ples of total RNA (10 wg) from the different strains were loaded on 1.5% agarose
gels containing 0.25 M formaldehyde, electrophoresed, and transferred to ny-
lon membranes (Schleicher and Schuell) with a Turboblotter (Schleicher and
Schuell). After the gels were stained with ethidium bromide to visualize 23S and
16S rRNA (as a loading control), the blots were hybridized with a soxS-specific
probe previously labeled with a random primer system (Life Technologies). The
400-bp soxS-specific probe was prepared by PCR amplifying the soxS gene from
pBD100 (Table 1) with primers M (5" CAGATGAATTAACGAACTGAACAC
3")and N (5" GCAATTACCCGCGCGGGAG 3'). The amount of sox§ mRNA
in the Northern blots was quantified by using a phosphorimager (Bio-Rad).

Sequence alignment and secondary structure predictions. An alignment of the
amino acid sequences of four members of the MerR family was performed with
ClustalW (41) and confirmed by visual inspection. Secondary structure predic-
tion of the SoxR polypeptide was performed with the protein structure prediction
server PSIPRED located at http://bioinf.cs.ucl.ac.uk/psipred/(25, 30).

RESULTS

Combined selection and screen for the isolation of tran-
scriptionally defective soxR mutants. An approach was devel-
oped that allowed the identification of SoxR mutant proteins
that had lost the ability to activate transcription from the soxS
promoter in response to oxidative stress but that nevertheless
retained significant DNA binding activity. In this way, we
hoped to eliminate nonspecific mutations that merely disrupt
SoxR protein structure. The strain used in the combined se-
lection-screen, MC9, has soxRS deleted and contains two fu-
sion constructs (Table 1; Fig. 1). The construct used to select
transcriptionally defective soxR mutants consists of the wild-
type soxS promoter fused to the sacB gene from B. subtilis, the
product of which, in the presence of sucrose, is toxic to E. coli
(37). Therefore, only cells harboring PQ-unresponsive soxR
variants were viable when grown in the presence of both PQ
and sucrose. MC9 cells expressing wild-type SoxR were invia-
ble under these conditions (data not shown).

The second fusion construct, consisting of the wild-type soxR
promoter fused to the lacZ gene, was used to screen for mutant
proteins that retained the ability to bind specifically to pro-
moter DNA (Table 1; Fig. 1). SoxR represses transcription
from the soxR promoter with or without oxidative stress (24),
and therefore variants that retained their DNA-binding ability
repressed lacZ expression, regardless of their transcription-
activating abilities. These Lac™ colonies were pink when grown
on EMB indicator plates, in contrast to Lac™ colonies, which
were purple.

Isolation of transcriptionally defective soxR mutations. The
soxR gene was mutagenized by being passed through a mutD5
mutator strain, followed by transformation into strain MC9 to
select for mutant forms as described above. The observed
mutation frequency was 10~ %, as expected for the mutD35 effect
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FIG. 1. Mutagenesis of soxR and selection-screening for activation-
defective mutant proteins. The soxR gene was mutagenized in a mutD5
strain, and activation-defective soxR mutants were selected in strain
MC9, where they did not stimulate transcription from a soxS promoter-
sacB fusion and were therefore viable on plates containing both PQ
and sucrose; MC9 cells expressing wild-type (WT) SoxR were inviable.
These activation-defective proteins were also screened for their ability
to bind to DNA in the same strain; proteins that retained this property
repressed expression from a soxR promoter-lacZ fusion, and the Lac™
cells were pink on EMB indicator plates. Details of the mutagenesis
and selection-screen are described in Materials and Methods and in
Results.

(5, 7). Of the PQ-unresponsive mutant proteins selected, 45%
displayed specific binding to repress the soxR promoter in
strain MC9 (data not shown).

Three independent rounds of mutagenesis and selection-
screening were conducted to yield 46 independent mutants.
The DNA sequences of the mutant alleles converged on the
data set shown in Table 2. Mutations were observed in 24 of
the 154 soxR codons (Table 2; Fig. 2). Of the 29 distinct alleles
identified in this work, 10 were found more than once, includ-
ing a double mutation that changed cysteine-124 to alanine
(Table 2). Transitions occurred more frequently than did
transversions (23 transitions versus seven transversions), again
as expected for the mutD5 effect in rich medium (40). There
were no frameshift mutations, and one nonsense mutation was
identified that resulted in a polypeptide truncated after ala-
nine-63.

Figure 2 depicts the amino acid sequence of SoxR along with
the mutations that resulted in activation-defective proteins.
Particularly puzzling was the M1T mutation, which is expected
to prevent translation, as bacterial proteins generally initiate
with methionine (or sometimes valine). Immunoblot analysis
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TABLE 2. Activation-defective SoxR mutant proteins

Mutation Nucleotide change(s) No. of independent clones
MIT T—C 1
G15D G—A 1
E16K G—A 3
Y31H T—C 1
L36V T—-G 1
V53M G—A 1
162N T—A 3
A63V C->T 1
A63stop C—T 1
Q64R A—G 1
166T T—C 3
173F A—>T 1
H84R A—G 1
L86S T—C 4
E90K G—A 2
L94F C->T 1
Lo4pP T—C 1
S95P T—C 1
S96P T—C 2
1106T T—C 1
E115G A—-G 1
D117G A—G 1
C122R T—C 1
C122Y G—A 1
C124A T—G, G—C 2
C124G T-G 1
C124Y G—A 2
R127L G—-T 2
CI30R T—C 4

of total cell extract with a SoxR antibody showed that M1T is
in fact a null mutant, which had somehow slipped through the
screen (data not shown). It was similarly demonstrated that the
A63stop mutation was also a null allele (data not shown). All
the other mutant proteins were produced at levels comparable
to that of wild-type SoxR (data not shown).

Four other mutations identified in the screen were G15D,
E16K, Y31H, and L36V. These mutations alter the N-terminal
region of SoxR, predicted to form a helix-turn-helix structure
that would mediate binding to promoter DNA (Fig. 2). Many
alterations in this region of the protein would be expected to
disrupt DNA binding and therefore not be identified in the
screen employed here.

The majority of mutations were found to alter the central
region of the polypeptide encompassing residues 53 to 117, an
area of unknown function(s) (Table 2; Fig. 2). Not surprisingly,
we also identified a number of alterations in the cysteine-rich
region of the protein (residues 119 to 130) that anchors the
[2Fe-2S] cluster. Interestingly, no mutations were isolated that
changed the extreme C-terminal region of SoxR (residues 131
to 154). Previous work (32, 42) has shown that sequence
changes in this region give rise to constitutively active proteins,
and it is therefore not surprising that the selection-screen for
nonfunctional forms described in this work did not easily yield
variants with alterations in this region.

Loss of PQ responsiveness in SoxR mutant proteins: soxS
promoter-lacZ reporter studies. The mutated soxR genes were
isolated by use of strain MC9 and screening on solid media. To
confirm this phenotype in liquid medium and in a different
background, the mutated plasmids were transformed into
strain EH46 (Table 1). Cultures of these transformants were
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treated with 100 pM PQ for 1 h with good aeration and then
assayed for B-galactosidase activity. Exposure to 100 puM PQ
was chosen because wild-type SoxR activity is maximally in-
duced at this concentration of PQ (data not shown).

Figure 3 shows the B-galactosidase activities obtained for
cells expressing mutant SoxR proteins. Cells expressing wild-
type SoxR showed 40-fold-higher B-galactosidase activity after
PQ treatment than did untreated cells (Fig. 3). As expected,
none of the mutant forms gave significant -galactosidase ac-
tivity in the absence of PQ (unstressed conditions). In the
PQ-treated cells, B-galactosidase activities ranged from <1%
of wild-type SoxR (for example, in L94P) to ~55 to 75% of
wild-type SoxR (in E16K, V53M, and E90K). The latter three
mutations were put aside, and we continued characterizing the
remaining mutations that displayed a more dramatic pheno-
type. Note that, although we identified six different cysteine
mutations (Table 2), we show only the results obtained with
mutant protein C124Y; the five other cysteine mutations at
positions 122 and 124 produced similar results in the experi-
ments described here (data not shown).

Northern blot analysis of the response of SoxR mutant pro-
teins to PQ and to NO. Since reporter fusions give an indirect
measure of transcriptional activity, additional experiments
were conducted to determine soxS induction directly by North-
ern blotting. For this purpose, strain TN402 (Table 1) was
transformed with plasmids with the various mutated soxR
genes, and the isolates were treated either with 100 uM PQ for
5 min under aerobic conditions or with 1 mM spermine
NONOate (an NO-releasing compound) for 2 min under an-
aerobic conditions. The NO experiments were conducted un-
der anoxic conditions because we wished to assess the direct
effects of NO on SoxR activity and to avoid oxygen-dependent
by-products of NO. Previous studies (33, 34) showed that SoxR
activation by NO occurs readily in the absence of oxygen.

H1 H2
1 | ] | 1
MEKKLPRIKA LLTPGEVAKR SGVAVSALHF YESKGLITSI
T DK H v
H3 H4
41 | | | |
RNSGNQRRYK RDVLRYVAII KIAQRIGIPL ATIGEAFGVL
F
HS
81 | |
PEGHTLSAKE WKQLSSQWRE ELDRRIHTLV ALRDELDGCI
R S K FPP T G G
P
121
GCGCLSRSDC PLRNPGDRLG EEGTGARLLE DEQN
RA L
Y G
Y

FIG. 2. Sequence of wild-type SoxR from E. coli and location of
mutations that result in transcriptionally defective SoxR variant pro-
teins. The sequence of the E. coli SoxR polypeptide is shown along
with predicted secondary structure elements (see Materials and Meth-
ods) depicted above the sequence. Bars represent « helices. Also shown
(below the sequence) are locations of mutations that gave rise to a
transcription defect. A represents a nonsense mutation at position 64.
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FIG. 3. Transcriptional activity of SoxR mutant proteins analyzed by B-galactosidase assays. Strain EH46 (soxS promoter-lacZ) cells expressing
the various mutated SoxR proteins were either treated (black columns) or not (open columns) with 100 uM PQ for 1 h before the assay for
B-galactosidase activity. B-Galactosidase activities are reported as percentages of the activity obtained with wild-type (WT) SoxR treated with 100
uM PQ (6,500 Miller units = 100%). The results shown represent the means and standard errors (bars; some not visible on this scale) of three

independent experiments.

Under the conditions for these experiments, wild-type SoxR
showed maximal induction after 5 min of treatment with 100
pM PQ or 2 min of treatment with 1 mM spermine NONOate
(data not shown).

The top panel of Fig. 4 shows the levels of sox§ mRNA
produced in PQ-treated cells expressing the various SoxR mu-
tant proteins. Quantification of the soxS mRNA (Fig. 4, middle
panel) correlated well with the B-galactosidase activities re-
ported in Fig. 3, confirming the transcriptional defects of the
soxR mutants.

The activation mechanism of SoxR by NO (nitrosylation of
the [2Fe-2S] centers [9]) differs fundamentally from the mech-
anism in response to PQ (oxidation of the centers [11, 15]). It
was therefore of interest to determine the response of the
variants, isolated in a screen with PQ, to NO. The top panel of
Fig. 5 shows the amount of soxS mRNA produced in cells
expressing mutated SoxR proteins after treatment with sperm-
ine NONOate. The response of the mutant proteins to the NO
donor was very similar to their response to PQ (Fig. 4 and 5),
indicating that these mutant proteins cannot activate soxS tran-
scription in response to either oxidative or NO stress.

Assessment of in vivo promoter binding by SoxR mutant
proteins. The genetic screen used to identify activation-defec-
tive SoxR mutant proteins employed a soxR promoter-lacZ
fusion to screen out null mutations and variants with general
stability or folding defects, which would not effectively bind the
promoter to repress it. This screen should also have eliminated

stable, folded variants that had lost DNA-binding ability, for
example, due to their inability to make necessary contacts with
the promoter. In order to confirm the solid medium screen
under liquid growth conditions, strain EH200 (Table 1) was
transformed with the various mutated plasmids, grown aerobi-
cally in liquid culture, and after treatment or not with 100 uM
PQ assayed for B-galactosidase activity. Figure 6A shows the
results obtained with untreated cells. Wild-type SoxR re-
pressed lacZ expression from the soxR reporter, as did many of
the mutated forms. In contrast to their phenotype on solid
medium, mutant proteins M1T and A63stop did not display
repression from the soxR reporter in cells in liquid culture,
consistent with immunoblotting results. What was unexpected,
however, was that the following mutant proteins also did not
effectively repress transcription from the soxR promoter in this
assay (residual soxR promoter-lacZ expression, =20% of vec-
tor control): G15D, Y31H, L36V, 162N, A63V, 1106T, and
C124Y. As mentioned earlier, these proteins were all produced
at levels similar to that of wild-type SoxR, thereby eliminating
the possibility that the lack of repression was due to insufficient
protein levels or unstable products. Furthermore, when cells
containing the 162N and A63V variants were treated with PQ
for 1 h before the assay, both they and 173F showed a strongly
diminished ability to repress lacZ expression (Fig. 6B). This
effect contrasts strongly with wild-type SoxR, the DNA binding
of which was essentially unaffected by PQ (Fig. 6B).

We further probed this issue by using a different con-
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FIG. 4. PQ responsiveness of SoxR mutant proteins studied by Northern blot analysis. Strain TN402 expressing the various mutated SoxR
proteins was treated for 5 min with 100 puM PQ before total RNA was obtained. The RNA was electrophoresed and transferred by Northern
blotting, the filters were hybridized with a soxS-specific probe, and RNA was quantified in a phosphorimager. (Top) Northern blots showing soxS
mRNA levels. (Middle) The corresponding ethidium bromide-strained gels show 23S and 16S rRNA that served as loading controls. (Bottom)
Quantification of soxS mRNA levels obtained in Northern blots. soxS mRNA was normalized to 16S rRNA levels and is reported relative to the
amount obtained with wild-type (WT) SoxR (set at 100%). The results shown are from one of two independent experiments.

struct—a 16-bp spacer variant of the soxS promoter fused to
lacZ in strain EH86 (Table 1). SoxR binds normally to this
mutant promoter without activating soxS transcription but in-
stead represses it both with and without oxidative stress (24).
B-Galactosidase activities of EH86 cells expressing the mutant
SoxR proteins corroborated the results obtained with strain
EH200: mutant proteins G15D, Y31H, L36V, 162N, A63V,
I106T, and C124Y exhibited defective promoter binding (data
not shown). PQ treatment enhanced this defect in mutant
proteins 162N, A63V, and I73F, acting on the mutant soxS
promoter (data not shown), just as was the case for the soxR
promoter (Fig. 6B).

DISCUSSION

The selection and screen described here were designed to
identify positive-control SoxR variants—proteins that retain
specific DNA-binding ability but that are unable to activate
transcription in response to oxidative stress. Of the 29 distinct
alleles identified in this work, two (M1T and A63stop) resulted
in a null phenotype, while the remaining mutations encoded
proteins that showed a defect in activating transcription and
displayed a wide range in the degree to which they were de-
fective. Three of these proteins, E16K, V53M, and E90K,
showed a very mild defect and were not characterized further.
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FIG. 5. NO responsiveness of SoxR mutant proteins studied by Northern blot analysis. TN402 cells expressing mutated SoxR proteins were
treated anaerobically with 1 mM spermine NONOate for 2 min before quantification of the amount of soxS mRNA produced. (Top) Northern blots
showing soxS mRNA levels. (Middle) The corresponding gels show 23S and 16S rRNA that served as loading controls. (Bottom) Quantification
of the soxS mRNA levels obtained in Northern blots. soxS mRNA was normalized to 16S rRNA levels and is reported relative to the amount
obtained with wild-type (WT) SoxR (set at 100%). The results shown are from one of two independent experiments.

Of the remaining mutant proteins with more pronounced de-
fects, 11 retained significant DNA binding activity, while the
rest (G15D, Y31H, L36V, 162N, A63V, I73F, 1106T, and the
six cysteine variants) had variable DNA-binding abilities in
vivo depending on the assay used.

SoxR mutant proteins that are unable to activate soxS$ tran-
scription in response to oxidative stress might suffer from any
of the following defects: inability to dimerize, inability to make
appropriate contacts with the promoter, loss or destabilization
of [2Fe-2S] centers, intact [2Fe-2S] centers that are inade-
quately responsive to redox signals, and proteins that are un-
able to effect appropriate structural changes in the soxS pro-
moter. Characterization of these types of mutant proteins will
enable us to dissect not only the molecular mechanisms un-

derlying signal transduction by SoxR but also promoter remod-
eling by MerR family members in general.

Figure 7 shows an alignment of the SoxR protein and three
other MerR family members—MerR, BmrR, and MtaN. The
crystal structures of BmrR (complexed with a 22-bp oligonu-
cleotide) and MtaN (without DNA) yielded the secondary
structure elements shown in the figure (16, 18). The structure
of MerR is unknown, but this protein has been extensively
studied genetically and biochemically, providing a wealth of
mutational information (4, 26, 28, 35, 38). The ~110 residues
in the N-terminal region of MerR-related proteins are the
most conserved segment and encompass the winged helix-turn-
helix DNA binding motif (H1 and H2) in BmrR and MtaN (16,
18). The corresponding regions in SoxR and MerR are pre-
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FIG. 6. Binding of mutant SoxR proteins to the soxR promoter analyzed by B-galactosidase assays. Mutated SoxR proteins were analyzed for
their ability to repress lacZ expression from the soxR promoter fusion in strain EH200. (A) B-Galactosidase activity in cells grown aerobically under
unstressed conditions. (B) B-Galactosidase activity in cells expressing SoxR variant proteins 162N, A63V, and 173F that were treated with 100 uM
PQ for 1 h (black columns) or were untreated (white columns). The values shown represent the means and standard errors (bars) of two

independent experiments. WT, wild type.

dicted to fold into similar structures (4) (Fig. 2). BmrR resi-
dues that correspond to SoxR residues G15 and Y31 are lo-
cated within the helix-turn-helix motif and make contacts with
DNA in the crystal structure (18). If these residues in SoxR are
also responsible for making essential contacts with the soxS
promoter, one would expect variations to result in defective
promoter binding, which was indeed observed in the B-galac-
tosidase DNA binding assays. The functional importance of
Y31 is indicated by its conservation in all four proteins, while
G15 is present in all but MtaN, in which it is replaced by lysine
(Fig. 7). SoxR residue L36 is also conserved in all four pro-
teins, and the SoxR L36V variant has a strong activation de-
fect.

MerR family members evidently contain a second helix-turn-
helix domain formed by helices H3 and H4 (Fig. 7), and resi-
dues in this region of BmrR make limited contacts with DNA
(18). Mutations in the corresponding region of SoxR (I62N,
A63V, Q64R, 166T, and 173F) resulted in a transcription de-
fect. A possible function for this second helix-turn-helix do-
main is to facilitate the allosteric modifications of the promoter
that are necessary for transcription initiation. Evidence in sup-
port of this hypothesis was provided by a mutant MerR pro-
tein, A60V (corresponding to SoxR A63V), that was defective
in activating transcription from the mer promoter. This variant
showed normal DNA binding in vitro but was unable to me-
diate the promoter distortions obtained with wild-type MerR

necessary for productive open complex formation with RNA
polymerase (28).

The 162N, A63V, and 173F SoxR variant proteins conferred
an unusual phenotype in the in vivo repression assays. These
proteins displayed weak promoter binding in unstressed cells,
and the DNA binding was further weakened upon the addition
of PQ. Since its oxidation state does not affect the ability of
wild-type SoxR to bind to the soxS promoter in vitro (15) or to
the soxR promoter in vivo (24), the apparent destabilizing
effect of oxidation in the 162N, A63V, and I73F mutant pro-
teins bears further analysis. One explanation for the observa-
tions made here is that these mutant proteins are unstable, and
PQ exposure facilitates their unfolding. Immunoblot analysis,
however, showed that the levels of these mutant proteins were
similar in cells that were treated and cells that were not treated
with PQ (data not shown). An alternative possibility (not yet
demonstrated) is that PQ treatment induces a conformational
change that weakens the affinity of the mutant proteins for
promoter DNA.

The remainder of the mutant proteins described here are
altered in regions outside the two putative helix-turn-helix
domains of SoxR (Fig. 2 and 7). The region corresponding to
SoxR residues 88 to 127 is helical in BmrR and MtaN, in which
it forms an antiparallel coiled coil that seems to mediate pro-
tein dimerization (16, 18). Residues 88 to 127 of SoxR and 82
to 120 of MerR are predicted to form a helix that might
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See the text for a discussion.

subsume the same dimerization role (4) (Fig. 2). Several mu-
tations in and near this region of SoxR resulted in activation-
defective proteins, some of which displayed a strong positive-
control defect and some that did not (for example, I106T). One
possible problem with the I106T protein is that it dimerizes
poorly, which would explain the failure of this protein to bind
the promoter in vivo and activate transcription. Other muta-
tions in this region (H84R, L86S, L94F, L94P, S95P, S96P,
E115G, and D117G) resulted in variants that all bind to DNA
in vivo but which cannot activate transcription in response to
PQ. These proteins could have any of the problems listed
above, which will be identified only by in vitro analyses, cur-
rently under way. Note that none of these residues is conserved
in the other MerR family members shown in Fig. 7, and it is
therefore quite likely that the defects in these mutant pro-
teins will be particular to SoxR and potentially useful in
unraveling the redox signaling mechanism from the iron-
sulfur centers.

The remaining mutant proteins include six cysteine variants
and R127L, also in the vicinity of the cysteine cluster. The most
obvious problem with the cysteine mutant proteins is that they
likely do not contain the essential [2Fe-2S] centers of SoxR,
since the substituting residues are not known ligands for iron
(3). What is surprising about the cysteine variants, however, is
their apparently poor ability to bind DNA, as judged by the
in vivo repression assays. In vitro band-shift assays performed
with partially purified cysteine-to-alanine mutant proteins
showed that those variants bound to the soxS promoter with an
overall affinity similar to that of wild-type SoxR (2). The weak
promoter binding displayed by the cysteine mutant proteins in
the in vivo assays described here cannot be attributed to low

protein levels. These variants are being purified and charac-
terized in vitro to clarify this apparent discrepancy.

In addition to analyzing the response of the various SoxR
mutant proteins to PQ, we studied their response to NO.
Although NO treatment results in nitrosylation of SoxR’s [2Fe-
2S] centers (9), while PQ treatment causes oxidation of these
centers (10, 14), previous work (9) suggested that these chem-
ically distinct forms of SoxR adopt similar structures and ac-
tivate transcription from the soxS promoter in a comparable
manner. The observation that most of the SoxR mutant pro-
teins described here showed similar transcriptional activities in
response to NO and PQ treatment further supports this idea.

The role of SoxR’s [2Fe-2S] centers in signaling free radicals
is likely to be replayed in other systems. Iron-sulfur clusters
have been implicated previously as biosensors of oxidants and
NO in other proteins, including mammalian IRP-1 and Fnr
from E. coli (39). The knowledge gained from our studies of
SoxR will serve as a guide to dissect the mechanisms and roles
of redox and NO signaling in other organisms. These studies
will also prove useful in teasing apart the mechanism by which
diverse MerR family members modulate transcription in re-
sponse to a variety of environmental stimuli.
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